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Seismic and acoustic waves associated with Strombolian or Vulcanian eruptions, which repeatedly 
occur at several volcanoes, often show common characteristics on the dynamics of explosions. The 
analyses of these data are fundamental and important for understanding volcanic eruptions. The 
dynamics of explosions at Stromboli volcano, which is a representative volcano of Strombolian 
eruption and one of the most active volcanoes around the world, have been investigated by 
geophysical observation data. Seismic analyses (moment tensor inversion, particle motions, and 
initial motions) revealed source locations and source mechanisms of earthquakes associated with 
summit explosions. Especially very-long-period (VLP) earthquakes with a dominant period of 
about 10 s are intensively studied because such long-period waves include a lot of source 
information. Acoustic signals excited with explosions and puffing of gas bubble bursts on the 
magma surface are analyzed to identify eruptive craters and estimate the eruptive energy. These 
seismic and acoustic data analyses have been conducted, but detailed examination of the accuracies 
of source locations or mechanisms are not well studied, which are necessary to discuss the details 
of magma/gas motions in a small scale from a few hundred meters depths to the craters before and 
during explosions. The objectives of this study are, therefore, to correctly determine the source 
locations and mechanisms of eruption earthquakes that are generated at the time of summit 
explosions (so called Strombolian eruption), and to clarify underground magma/gas motions before 
and during explosions. We analyze seismic and acoustic data recorded at stations that are very close 
to the craters with a good coverage and apply several methods for determining source locations and 
mechanisms.  
In Chapter 1, we first summarize previous studies on seismic and acoustic data analyses 
associated with volcanic explosions at active volcanoes. Subsequently, we present previously 
obtained results on Stromboli volcano which are based on geophysical observations, laboratory 
experiments, and numerical simulations. Here, we point out a discrepancy in quantifying 
magma/gas motions between observations and experiments/simulations. Then, we present the 
objectives of this study. 
In Chapter 2, we introduce a temporary seismic and acoustic observation conducted for the period 
from 24 to 28 September 2016. The University of Florence deployed four seismo-acoustic stations 
and one seismic station at Stromboli volcano. These stations were set at only 100-300 m away from 
the main craters. Also, the stations azimuthally surrounded the craters as much as possible. The data 
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recorded at such a very-near-field observation network show clear VLP (2-20 s, 0.05-0.5 Hz) 
seismic signals whose onset is about 5 s before the occurrence of an explosion. Seismic signals 
above 1 Hz and acoustic signals (0.1-20 Hz) associated with bubble bursts are also observed with 
high signal-to-noise ratios. Characteristics of these seismic and acoustic signals are summarized. 
In Chapter 3, we estimate source locations and mechanisms of eruption earthquakes based on a 
moment tensor inversion method in which topographic effects and tilt motions on seismic waves 
are taken into account. We analyze the seismic data at 0.05-0.2 Hz, 0.2-0.5 Hz, and 0.5-1.0 Hz. The 
source locations of seismic signals at the lower frequency part of the VLP band (0.05-0.2 Hz) are 
located at about 200 m away from the eruptive crater at 600 m or 650 m a.s.l. (depths of 170 m or 
120 m). The VLP waveforms of the events located at these two source clusters show slightly 
different spatial distributions of amplitudes after the onset of acoustic waves. The difference in the 
source locations may indicate the difference in the source mechanisms during the explosions. Most 
of the source locations of seismic signals at the higher frequency part of the VLP band (0.2-0.5 Hz) 
are located at the region of 100 m east of the seismic sources at 0.05-0.2 Hz with an elevation of 
600 m a.s.l. (a depth of 170 m). Most of the source locations of long-period (LP) seismic signals at 
0.5-1.0 Hz are located almost below the eruptive crater at 700 m a.s.l. (a depth of 70 m). The source 
mechanisms of the VLP and LP signals are dominated by the diagonal moment tensor components, 
which suggest volumetric changes at the source regions. The model resolution matrices show that 
the source mechanisms may not be well resolved. We are not able to discuss the source mechanisms 
more in detail from analyses of the very-near-field observation data. We further examine the utility 
and issues of the very-near-field network for estimating the source locations and mechanisms by 
conducting inversion for synthetic data consisting of a different network configuration and finite 
source modelling. The results show that the very-near-field network contributes to exactly 
determine the source locations compared with a distant seismic network with a large number of 
seismic stations. Synthetic tests using finite source modelling show that the source locations are 
well recovered but it is difficult to constrain the source mechanisms from the very-near-field 
observation data.  
In Chapter 4, we determine the source locations of the VLP signals at 0.05-0.2 Hz by applying a 
master event method with a deconvolution technique. We investigate how the repetitive earthquakes 
are distributed around a master event, which is determined by the moment tensor inversion, based 
on changes in waveform correlation and source time function. The deconvolution technique enables 
us to correctly measure the arrival time difference between two seismic events. The relative VLP 
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sources are located around the master event within about 50 m in horizontal and about 80 m in 
vertical directions. About 80 % of the relative source locations for all the events are determined 
with an error of less than ± 25 m. 
In Chapter 5, we estimate the explosion source depth which represents the surface level of magma 
in the reservoir or conduit, and the propagation velocity of magma/gas in the conduit by measuring 
the arrival times of seismic and acoustic signals. By applying an automatically picking method and 
using the data recorded at the very-near-field network, the onsets of seismic and acoustic signals 
are systematically measured. As a result, the explosion source depth is estimated to be 72.9 m in 
average. The propagation velocity of magma/gas, which is derived from the occurrence times and 
depths of the VLP source (120-170 m) to the explosion source (73 m), is estimated to be 14.4-30.6 
m/s. This velocity is much faster than the theoretical values predicted from a gas slug ascent model 
in a vertical conduit. Since such high-speed magma/gas motions are estimated from analyses of the 
data at a different station, a gas slug ascent model that has been often used to explain Strombolian 
eruptions may be necessary to be modified or reconstructed. 
In Chapter 6, we firstly analyze the data at a different observations period (in June 2015) to 
compare the results of source locations and conduit parameters obtained from the September 2016 
data. The explosion source depths estimated from the 2015 data are almost same as those estimated 
from the 2016 data. The result of the relative hypocenter determination shows that the source 
locations of VLP (0.2-0.5 Hz) signals systematically distribute below two main craters. 
Subsequently, on the basis of the results obtained from 2015 and 2016 observation data and analyses 
of a preceding VLP (0.05-0.2 Hz) seismic phase detected 10-20 s before the onset of explosions, 
we discuss the dynamics of Strombolian eruptions. The eastward migration of the VLP source 
toward an explosion and westward migration during the explosion are indicated. We infer that these 
migrations are caused by pressure disturbances associated with a fluid flow and/or pressure waves 
in the top of the magma reservoir, a reaction force and withdrawal of magma by the explosion, 
and/or a recovery process of magma in the shallow magma reservoir.   
In this thesis, we have investigated the source locations and mechanisms of eruption earthquakes 
to understand the dynamics of volcanic explosions. Our results highlight usefulness and importance 
of very-near-field observations at active volcanoes for not only determining the source locations 
but also detecting temporal changes in the seismic sources before, during and after the explosions. 
Detailed data analyses of such very-near-field observation enabled us to newly capture lateral 
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magma/gas motions in the magma reservoir that occur for several tens of seconds before and during 
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1.1  Seismic and acoustic analyses of volcanic eruptions at active 
volcanoes 
Seismic signals are often observed when volcanic eruptions occur. Seismic waves associated with 
eruptions are generated by motions of volcanic fluid such as magma and gas in the conduit and/or 
chamber. Hence, spaito-temporal changes of their hypocenters and generation processes enable us 
to understand the dynamics of eruptions.  
Source locations and mechanisms of eruption earthquakes, which are the earthquakes associated 
with Vulcanian or Strombolian eruptions, have long been investigated by seismic waveform 
analyses such as initial motions, amplitudes, comparison between observed and synthetic 
waveforms. For example, the explosion earthquakes at Sakurajima volcano in Japan are located at 
depths of 1-3 km beneath the summit crater by hypocenter determination using P-wave arrival times 
(Kamo, 1978; Ishihara, 1990; Iguchi, 1994). The hypocentral zone is considered to present a 
cylindrical conduit. Ishihara (1985) investigated the time sequence of the explosion earthquake and 
surface phenomena such as visible shock waves, eruption cloud and volcanic blocks accompanying 
an explosive eruption at Sakurajima volcano. Time lag between the origin time of explosion 
earthquake and that of the shock waves at the crater bottom indicates that the triggering of explosion 
earthquakes located at depths of 1-3 km clearly precedes the explosion at the crater bottom. 
Tameguri et al. (2002) further investigated the initial motion of explosion earthquakes at Sakurajima 
volcano. They have revealed that the explosion earthquake at Sakurajima volcano is initiated by an 
isotropic expansion followed by a cylindrical contraction at a depth of 2 km from the crater, and 
instantaneous volume increase of the gas pocket followed by contraction at 0.25-0.5 km depth just 
beneath the crater which generates the air-shock. The migration velocity estimated from the time 
difference between the initial expansion and the air shock generation is 1.4-1.9 km/s. Since the 
velocity is so high, the pressure wave generated at the depths propagates in the conduit to cause the 
explosion. Kumagai et al. (2011) applied a source location method using high frequency (5-10 Hz) 
seismic amplitudes to an explosion event of February 11, 2010 at Tungurahua volcano, Ecuador. 
The result indicates that the seismic waves were triggered at a depth of 6 km below the summit, and 
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the seismic source ascended toward the summit with a speed of about 1600 m/s which was estimated 
by the locations in three different time periods. Ascending of seismic source observed before an 
eruption is similar to the source migration at Sakurajima presented in Tameguri et al. (2002). Such 
amplitude source location method has been applied to analyze volcanic explosion events (Zobin et 
al., 2015; Arámbula-Mendoza et al., 2018).  
The accurate hypocenter determination is very important to correctly interpret the parameters 
such as the speeds of the ascending sources that are interpreted to be caused by pressure waves 
travelling in magma (Tameguri et al., 2002; Kumagai et al., 2011). Such speeds of pressure waves 
depend on physical properties of the magma in the conduit such as viscosity, vesicularity, and 
temperature (e.g., Kieffer, 1977; Chouet, 1986), which are indispensable to understand magma 
dynamics from geophysical as well as geochemical or petrological approaches. Hypocenter 
determination using P-wave arrivals is a simple method, but P- or S-waves of explosion earthquakes 
often have unclear onsets, which may disable us to exactly determine their hypocenters (Ferrucci, 
1995; Zobin, 2012). The amplitude source location method is a simple method effective to the 
events in which arrival times of P- or S-waves are difficult or impossible to measure. This method 
assumes an isotropic radiation but the correction of radiation patterns depending on focal 
mechanisms should be considered. In addition, some parameters such as amplitude (absolute, root-
mean-square, or median), wave property (P-wave, S-wave, or surface wave), and quality factor of 
attenuation are also needed, and these greatly change the accuracy of determination (Kumagai et 
al., 2010; Taisne et al., 2011).  
From 1990s, the development of broadband seismic observation/monitoring systems enables us 
to analyze seismic signals with various frequency bands (e.g., Chouet and Matoza, 2013). Long-
period (LP, 0.2-2 s) and very-long-period (VLP, 2-100 s) seismic signals have been observed 
associated with volcanic explosions. Especially, VLP and LP seismic signals have been observed 
several to several tens of seconds before and/or during the Vulcanian or Strombolian eruptions (e.g., 
Rowe et al., 1998; Ripepe et al., 2001; Tameguri et al., 2002; Iguchi et al., 2008; Aster et al., 2008; 
Zobin et al., 2009). These waves are useful for understanding the magma motions in the conduit 
just before or during the eruptions. Since these signals have very long wavelengths in the range of 
tens to hundreds of kilometers, analysis of these signals suffers little path distortion and little 
inaccuracy of velocity structures. This facilitates the analysis of LP and VLP signals. For example, 
Rowe et al. (1998) analyzed very-long-period seismic signals associated with Strombolian 
explosions at Mount Erebus volcano, Ross Island, Antarctica. Explosions at the summit lava lake 
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occur and associated high-frequency (1-6 Hz) signals begin ~1.5 s after the VLP onset. Particle 
motions of VLP seismic signals suggest that an initial depth of the VLP source is 0.3 to 0.8 km 
below the summit, and the VLP source migrates deeper (1 to 1.5 km below the summit) in the course 
of ~15 s. The authors interpret these VLP oscillations observed following Strombolian explosions 
as a nondestructive lossy resonance or nonlinear fluid-flow excitation within the shallow magmatic 
system. In the last decades, moment tensor inversion of VLP earthquakes associated with 
Strombolian or Vulcanian eruptions has been widely applied to estimate the optimal source location 
and mechanism. This method solves time histories of the amplitudes of moment tensor or single 
force components at the source. The volumetric change in the volcanic edifice or spatio-temporal 
change of forces at the source have been interpreted based on the estimated source time functions. 
Moment tensor solutions have given us images of the magma chambers underground such as 
sill/dike cracks (Ohminato et al., 1998; Chouet et al., 2003, 2008; Waite et al., 2008; Lyons and 
Waite, 2011; Haney et al., 2012), ellipsoidal cavity (Kim et al., 2014), or expansion/contraction of 
a gas pocket in the conduit (Tameguri et al., 2002; Yamada et al., 2016). The vertical single force 
component has often been interpreted as a reaction force by ejection of magma or gas (Nishimura 
and Hamaguchi, 1993; Ohminato et al., 2006; Kim et al., 2014). However, the single force 
components that are solved at the same time as the moment tensor are sometimes interpreted as 
spurious ones due to a mislocated source location, mismodeling of velocity structures, or low signal-
to-noise ratio of signals (Davi et al., 2010; De Barros et al., 2013; Lanza and Waite, 2018). These 
inversion results are usually evaluated by a grid search that selects where waveform residual or 
Akaike Information Criterion (AIC) value, which is to estimate how well the solution is resolved 
depending on the number of free model parameters, are minimum. The resolution of source location 
depends on the grid size but the location error ranges have been seldomly defined in moment tensor 
inversion analysis. Lanza and Waite (2018) have conducted synthetic tests of moment tensor 
inversion of LP (0.5-4 Hz) signals with a nonlinear approach. They assumed source models, 
synthetic networks with as many as 40 stations, variable distance and azimuthal distributions, a 
known velocity model, and the topography of Pacaya volcano, a Stratovolcano in Guatemala. The 
synthetic tests illustrated that distant stations from a source, the number of stations less than eight 
and the coverage gap of seismic stations greater than 130°  generally increase uncertainty in 
inversion results. They also showed that sources are still recoverable when as few as four stations 
with fairly good azimuth coverage are used. However, only a few volcanoes have the seismic 
networks that satisfy such conditions to correctly determine the source location and mechanism 
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results because of limited topographic conditions and manpower. Especially, slight errors in the 
source will have a significant effect on the magma ascent model in Strombolian and Vulcanian 
eruptions where shallow dynamics are considered to be important. Therefore, undefined source 
errors and poor observation conditions should be resolved. 
 Acoustic waves associated with explosions have also been energetically analyzed for 
understanding the explosion dynamics. Volcanic explosions sometimes generate shock waves that 
travel from the crater to the atmosphere. The shock waves attenuate as propagating away from the 
crater and turn to sound waves. The energy of an explosion are estimated from acoustic wave 
amplitude and propagating distance from the source (e.g., Firstov and Kravchenko, 1996; Johnson 
et al., 2003; Vergniolle et al., 2004). Johnson and Aster (2005) estimated amplitude ratios of acoustic 
and seismic amplitudes during Strombolian eruptions at Karymsky and Erebus volcanoes. The 
relative partitioning of acoustic and seismic energy during Strombolian eruptions suggests that 
magma properties, conduit obstruction, and/or fragmentation depths affect the amplitude ratios. 
This quantity has been applied for monitoring and improving understanding of key aspects of 
eruption dynamics (Richardson et al., 2014; Jolly et al., 2016). Hasib (2019) calculated spectral 
ratios of acoustic waves between large amplitude events and small amplitude events at Sakurajima 
volcano and Shinmoe-dake volcano, Japan. The results show that the amplitude ratios are almost 
flat at all frequency range. They interpreted that the constant pulse width may be controlled by the 
geometry of the crater. The propagation speed of acoustic waves is slower than seismic wave 
velocities. The travel time and path differences enable us to constrain the geometry such as the 
conduit length and magma surface location (Ripepe et al., 2001; Harris and Ripepe, 2007; Ishii et 
al., 2019).  
 
1.2  Geophysical observation and analyses of eruptions at 
Stromboli volcano 
Stromboli volcano (924 m a.s.l.) is one of the most active volcanoes in the world. It is located at the 
northern end of the Aeolian island arc in the Tyrrhenian sea in Italy. Three main craters are located 
within a 300 m long by 140 m wide terrace in the northern peak of the volcano (Neri and Lanzafame, 
2009). Small explosions typically occur at a rate of 3-10 events per hour from these craters, and 
swarm-like eruptive activity occasionally reaches 20-30 events per hour (Ripepe et al., 2008). Ash-
dominated or bomb-dominated eruptions have been mainly observed at both of NE and SW craters, 
while these eruption types sometimes change with time (e.g., Ripepe et al., 1993; Patrick et al, 2007; 
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Delle Donne et al., 2016; Gaudin et al., 2017).  
These “Strombolian” eruptions have been monitored in real time by using a geophysical 
monitoring system. Seismometers, infrasonic sensors, tilt sensors, and thermal cameras have been 
deployed near the craters (~ 1 km away) by the University of Florence (Ripepe et al., 2004; Valade 
et al., 2016), the Istituto Nazionale di Geofisica e Vulcanologia (INGV) (e.g., Martini et al., 2007; 
Burton et al., 2009). Analyses of observation data recorded by these permanent monitoring systems 
or other temporary observation networks enabled us to understand the dynamics of eruptions at 
Stromboli volcano. For example, the seismic sources excited by explosions are determined at depths 
shallower than 200 m beneath the summit crater from analyses of data recorded by small-apertures 
seismic arrays deployed on the north flank of the volcano (Chouet et al., 1997). The VLP seismic 
source is located at ~500 m a.s.l., from moment tensor inversion analysis (Chouet et al., 2003, 2008; 
Auger et al., 2006, Giudicepietro et al., 2009) or polarization analysis (Marchetti and Ripepe, 2005, 
Martini et al., 2007). The centroid of the VLP source located outside the crater rim along the Sciara 
del Fuoco slope has been interpreted as a pressure source of opening/closing crack embedded in the 
volcanic medium. The VLP seismic source had been considered to be stable in space and time, but 
the recent studies found significant spatio-temporal changes in VLP seismic source before and after 
the flank effusive eruption that occurred on 27 February 2007 (Giudicepietro et al., 2009; Ripepe 
et al., 2015) and on 7 August 2014 (Valade et al., 2016) by a polarization analysis. Such spatio-
temporal changes in VLP seismic source have been rarely reported at other volcanoes so that further 
analyses of VLP earthquakes are needed to understand Strombolian eruptions. The LP seismic 
signal at Stromboli volcano in the dominant frequency band of 0.5-2.5 Hz has been interpreted as 
an oscillatory response of the shallowest segment of the fluid-filled conduit associated with rapid 
expansion and ejection of a gas slug (Chouet et al., 1997). This previous study illustrates that the 
particle motions of near-field stations and far-field seismic array and the arrival time of seismic 
body wave phases and acoustic waves in the near-field stations are consistent with a gas-piston 
mechanism operating on a shallow part (< 200 m deep) of the conduit. 
The processes including generation, ascent and bursting of a large gas slug at the magma free 
surface, which are presented by Blackburn et al. (1976), have been used as plausible origins of 
seismic, acoustic and thermal signals associated with Strombolian eruptions. This large gas slug 
model is imagined from the gas bubble bursts visually observed on the lava surface (e.g., Blackburn 
et al., 1976, Vergniolle and Brandeis, 1996). Such large slug ascent is also examined by numerical 
simulations and laboratory experiments (e.g., Vergniolle and Jaupart, 1990; Vergniolle, 1998; 
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Seyfried and Freundt, 2000; James et al., 2008, 2009). Vergniolle (1998) numerically investigated 
the gas slug ascent process in the conduit using the equations of motion of liquid magma and 
equations of state of gas in the slug. James et al. (2008) modified the model of Vergniolle (1998) by 
including the motion of magma surrounding the gas slug. Gas slug ascent velocity and associated 
pressure changes measured in several laboratory experiments (e.g., Vergniolle and Jaupart, 1990; 
Seyfried and Freundt, 2000; James et al., 2006; Llewellin et al., 2011) are well matched with the 
model presented by James et al. (2008). The results of the numerical simulations and laboratory 
experiments are used to relate observed data such as the amount of gas ejection and the magnitude 
of infrasound associated with explosions. A laboratory experiment examined generations of acoustic 
signals during gas growth, flow and burst in a liquid inside and outside the water in the tube (Ripepe 
et al., 2001). A sensor set outside the water in the tube recorded a low-frequency signal as soon as 
the slug started to rise, which is followed by a high-frequency signal when the bubble is broken at 
the water surface. Such temporal evolution of the slug ascent and generation of acoustic signal are 
used to quantitatively interpret the conduit process of Stromboli volcano. From arrival time 
difference between low-frequency seismic signals and infrasound recorded at a station 300 m away 
from the crater, the slug ascent velocity was estimated to 10-70 m/s (Harris and Ripepe, 2007). Such 
velocities of slug ascent were also observed for a different observation period at Stromboli volcano 
(13-25 m/s, Gurioli et al. 2014) and for Strombolian eruptions at Aso volcano (1-160 m/s, Ishii et 
al., 2019). These estimated velocities are much larger than that theoretically predicted from the slug 
motions in the tube entirely filled with liquid magma: the slug ascent velocity is 1.5 and 3.4 m/s for 
the conduit radius of 1 and 5 m, respectively (Batchelor, 1967). Kawaguchi and Nishimura (2015) 
numerically investigated spatio-temporal changes in volcanic deformation due to gas slug ascent in 
an open conduit, using a gas slug ascent model of James et al. (2008). However, not only the spatio-
temporal characteristics but also amplitudes of tilt motion observed at Stromboli could not be 
reproduced by the numerical examination, suggesting modification of the gas slug ascent model or 
introduction of other mechanisms of the Strombolian eruptions. These discrepancies should be 
necessary to be resolved for quantitative understanding of volcanic eruptions.   
 
1.3  Objectives of this study  
Strombolian or Vulcanian eruptions repeatedly occur at several volcanoes around the world. The 
accumulation of the data associated with these repetitive eruptions is quite important because these 
data often show common characteristics about the eruption dynamics such as amplitude, spectral 
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peak, duration, and so on. The analyses of these data are the most fundamental in understanding 
volcanic eruptions. The information obtained by the fundamental analyses also enables us to discuss 
the temporal changes in volcanic activities. For example, basic analyses of seismic signals, 
deformation and infrasound in many years contributed to construct the model of the explosive 
eruption at Sakurajima volcano (Tameguri et al., 2002; Iguchi et al., 2008). This study focuses on 
seismic and acoustic data associated with very frequent explosions at Stromboli volcano to 
understand the mechanism of Strombolian eruptions by conducting source mechanism analysis, 
hypocenter determination of eruption earthquakes and infrasound and verification of these methods. 
As described so far, the dynamics of Strombolian eruptions have been investigated by observation, 
laboratory experiments, and numerical simulations. These studies clarified that fluid motions of the 
complex gas-liquid flows occur in the shallow part of the volcano from surface to only a few 
hundred meter in depth before and during the eruptions. Several models to explain Strombolian 
eruptions have been proposed, but there is no completely established model. For example, the 
formation processes of a large gas bubble such as a slug have been understood either by coalescence 
of smaller bubbles at geometrical discontinuities in the conduit (Vergniolle and Jaupart, 1986; 
Jaupart and Vergniolle, 1988; Ripepe et al., 2001) or by differential ascent rate of the bubbles with 
respect to the magma column (Parfitt and Wilson, 1995). Therefore, the geometrical information 
that can be obtained by geophysical analyses such as seismic, infrasonic, and deformation 
approaches are quite important to explain such fluid dynamics. As mentioned in section 1.2, seismic 
and acoustic wave analyses in the previous studies have estimated the locations of explosion source 
and VLP pressure source and the mechanism of the pressure source. It is necessary to determine 
these sources with high accuracy for quantitively explaining the dynamics at only a few hundred 
meters in depth at the “relatively” small island. However, it has been difficult to accurately 
determine these source locations and mechanisms because Stromboli volcano suffers topographical 
constraints such as the Sciara del Fuoco slope. The seismic networks in the previous studies did not 
necessarily satisfy the condition for better constraint of the source location and mechanism results 
explored by Lanza and Waite (2018). Therefore, it is necessary to reconsider the geometry of the 
shallow magma system estimated by geophysical observation as well as the better network 
configuration.  
 The University of Florence deployed four seismo-acoustic and one seismic station at Stromboli 
volcano and conducted a temporary observation in the end of September 2016. The stations were 
deployed close to the active craters as much as possible. As a result, the stations were located at 
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only 100-300 m away from the main craters, surrounding the craters. Such normally difficult 
observation enables us to analyze high quality data with high signal-to-noise ratios, making accurate 
measurement of arrival times of seismic and acoustic signals possible. By using these data, this 
study conducts the analyses of source locations and mechanisms of eruption earthquakes. Using a 
moment tensor inversion method, we estimate the source location and mechanism of VLP 
earthquakes associated with the volcanic eruptions to clarify the pressure source related to the gas 
or fluid motions. We also apply a source location method using waveform correlations to obtain 
detailed relative locations of many VLP seismic events. In order to determine the location of the 
explosion source which excites high-frequency seismic waves and infrasound after VLP seismic 
signals are observed, we use travel times of these two waves. Based on the time lag between the 
origin time of the VLP earthquake and that of the explosion and the difference of the source 
locations, we quantitively clarify the geometry of the shallow magma system and the gas or fluid 
ascent in the conduit/reservoir before/during the volcanic eruptions. These information will enable 
us to construct an improved model of the repetitive eruptions at Stromboli volcano. 
As mentioned in Section 1.1, in case of Vulcanian eruptions, the migration of seismic sources 
preceding or during the eruptions has been reported at several volcanoes. However, only a few 
studies have detected the migration of seismic sources for Strombolian eruptions (Rowe et al., 1998). 
Especially, the source locations and mechanism of VLP or LP earthquakes are generally evaluated 
as the kinematics of the centroids. Therefore, it is necessary to carefully analyze the waveforms 
with lapse times to discuss the gas and fluid flows below the craters and to understand the dynamics 
of small repetitive eruptions. This study firstly examines the centroids of VLP or LP earthquakes 
and then discusses the source locations of the seismic waves at different time sections. 
 In Chapter 2, we introduce the temporary observation conducted in September 2016. We show 
the characteristics of seismic and acoustic data recorded at a very-near-field condition. In Chapter 
3, we perform moment tensor inversion including tilt responses (Maeda et al., 2011) by using the 
temporary and permanent network data to determine the source mechanisms and locations of VLP 
and LP earthquakes associated with small repetitive eruptions. This is the first case to conduct the 
moment tensor inversion by using very-near-field data. We also verify the sensitivity of the 
inversion results inferred from the very-near-field network and the utility or issues of the network 
for estimating the source locations and mechanisms by conducting synthetic tests of inversion and 
comparing with the network configuration which resembles to previous studies. In Chapter 4, we 
apply a precise relative hypocenter determination method presented by Sugimura et al. (2015) to 
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the VLP earthquakes for evaluating the variation of the source around the centroid. In Chapter 5, 
we conduct hypocenter determination of eruption earthquakes that excite high frequency seismic 
waves and infrasound by using the travel time difference between these two waves. Based on the 
spatio-temporal distribution of VLP source and explosion source, we measure the propagation 
velocity of magma or gas bubbles after VLP seismic waves are excited. We discuss magma/gas 
motions inside the conduit and/or reservoir by assuming the different conduit geometries and model 
parameters. In Chapter 6, We discuss the dynamics of the eruptions at Stromboli volcano. We 
examine the migration of VLP seismic source before or during/after the explosions. We also discuss 
the consistency and validity of the results of source locations and conduit parameters by comparing 




Chapter 2  
 
Observation and data: A temporary very-near-field 
observation network in September 2016 
 
2.1  Observation network 
The volcanic activities at Stromboli volcano have been continuously monitored by an integrated 
geophysical observation network of the University of Florence. The permanent seismic network 
(Figure 2.1) consists of four broadband stations (ROC, PZZ, STR, and SCI). These stations are 
equipped with broadband seismometers (Güralp CMG-40 T, 800 V/m/s with an eigenperiod of 30 
s). One 5-element infrasonic array (EAR) has been deployed to monitor which crater excites 
infrasound signals accompanied by explosions. This array has an L-shape geometry with an internal 
spacing of ~100 m to record coherent infrasonic waves at 1–10 Hz frequency band (Ripepe et al., 
2004). The acoustic data of the array are recorded by a 16 bits acquisition system with a sampling 
rate of 54.2 Hz. Two tiltmeter stations (LFS and OHO) located within 1 km from the active craters 
are equipped with Pinnacle 5000T electrolytic borehole sensors. The tilt motions are recorded with 
a nominal resolution of ±1 nrad and a low‐pass cut‐off frequency of ∼0.02 Hz at −3 dB at 1 Hz 
sampling rate (Genco and Ripepe, 2010). These seismic, acoustic and tilt data are radio-transmitted 
to the monitoring center of the Department of the Civil Protection (COA) on the island and these 
are collected, processed, and published in real time on the Web (Valade et al., 2016).  
In the end of September 2016, a temporary seismic and acoustic observation was conducted 
(Figure 2.1). The temporary seismic network consisted of five broadband stations (ST1, ST2, ST3, 
ST4 and ST5). These stations were equipped with Güralp CMG-40T broadband seismometers and 
the data were recorded by 24 bits Güralp CMG24 digitizers with a sampling rate of 100 Hz. The 
network had been deployed in order to have a better azimuthal coverage of and as close as possible 
to the active area, only 100-300 m away from each crater. The acoustic signals were also recorded 
by infrasound microphones at ST1, ST2, ST3 and ST4. These seismo-acoustic stations started to 
record the signals from about 16:30, 24 September,. The stations except ST4 were withdrawn on 29 





2.2  Data 
We analyze the seismic data at eight broadband stations except for SCI. We also use acoustic data 
at ST1, and seismic signals recorded at two tiltmeter stations from 17:00, 24 September to the end 
of 28 September. We show an example of seismic and acoustic signals associated with a small 
explosion recorded at ST1, which is the closest station to the active craters (Figure 2.2). The 
waveform converted from velocity (Figure 2.2 (a)) to displacement (Figure 2.2 (b)) illustrates that 
the onset of the VLP signal is followed by the onsets of the high frequency seismic and acoustic 
signals (Figure 2.2 (c)). The Fourier amplitude spectrum of raw seismogram at ST1 in Figure 2.2 
(d) indicates that there are two dominant spectral peaks at around 0.1 Hz and 10 Hz. However, the 
second spectral peak around 10 Hz is not consistent with the previous study indicating that the 
frequency content of the seismic signals between 0.8 and 5 Hz is dominated (Ripepe, 1996). The 
Fourier spectrum of the seismogram at STR (Figure 2.2 (d)) shows that the frequency content is 
dominant around 0.1 Hz and 2-5 Hz. Such characteristic is seen at the other broadband seismic 
stations. Also, the spectral amplitude around 2 Hz is slightly large at ST1 so that the dominant 
spectral peak around 10 Hz may be attributed to site effects. The acoustic signal at ST1 (Figure 2.2 
(d)) shows a dominant spectral peak at about 2 Hz. 
The time series of seismogram and infrasound at ST1 are illustrated in Figure 2.3. The seismic 
and acoustic amplitudes indicate that the magnitude gradually increased until September 26, and 
the activity rapidly decreased from the September 27. The EAR infrasonic array monitoring system 
of the University of Florence (Ripepe et al., 2004) detected that the eruptive activity during the 
observation period mainly concentrated at NE crater and the magnitude of the activity had changed 
before and after 26 September (Figure 2.4). However, since this study focuses on the dynamics of 
small repetitive eruptions, the temporal evolution of the activity is not discussed in this thesis.  
We mainly analyze VLP seismic signals which are accompanied with high frequency seismic and 
acoustic signals in this study. In order to analyze as many events as and as high signal to noise ratios 
as possible, we set thresholds for the selection of seismic and acoustic amplitudes at ST1: 5 µm/s 
for seismogram (UD component, 0.05-0.2 Hz) and 10 Pa for infrasound (0.1-20 Hz). We detect 154 
events during the period. However, there was a temporary missing record at PZZ between 
20h32m07s, 25 September and 07h05m08s, 26 September. In addition, the records at five temporal 
broadband stations was temporarily not available several times, which are shown by gray shades in 
Figure 2.3. Finally, 103 events are selected to analyze seismic signals recorded at all seismic and 





Figure 2.1 (a) Shaded relief map and locations of the geophysical sensors at Stromboli 
volcano, Italy. The signals are digitally transmitted and processed in real time at the 
operations center (COA) of Department of Civil Defense shown by the black square. (b) 
Locations of the geophysical sensors used in this study. (c) Photo of the craters taken from 





Figure 2.2 (a) Raw velocity seismogram of UD component at ST1 associated with an 
explosion at NE crater. (b) A record integrated into displacement from the velocity 
seismogram in Figure 2.2 (a). (c) Infrasound at ST1 recorded at the explosion. (d) Fourier 
spectra of the seismogram at ST1 (black), seismogram at STR (blue) and infrasound at ST1 




Figure 2.3 Time series of raw seismogram at UD component of ST1, raw infrasound at ST1, 
and the cumulative detected events. The gray shaded areas indicate the temporary missing 
of data at ST1, ST2, ST3, ST4 and ST5 in the beginning of each day and at PZZ from 
20h32m07s, 25 September and 07h05m08s, 26 September. The events are detected by the 






Figure 2.4 Samples of back azimuth analysis of the infrasonic array from 24 September to 28 
September 2016. Hot colors represent higher values of semblance which indicate the position 
of eruptive craters. During the observation period, the Strombolian activity was mainly 





Chapter 3  
 
Moment tensor inversion of eruption earthquakes 
 
In this chapter, we examine source mechanism and location of the earthquakes associated with small 
repetitive eruptions at Stromboli volcano by applying a moment tensor inversion method. We first 
introduce the method of moment tensor inversion considering tilt responses to deal with 
seismograms contaminated by both translational and tilt motions. We then apply the method to the 
seismic data at 0.05-0.2 Hz, 0.2-0.5 Hz and 0.5-1.0 Hz. The frequency band of 0.05-0.2 Hz is the 
lower frequency part of the VLP band that includes the dominant frequency content in the 
seismograms (Figure 2.2 (d)). The frequency band of 0.2-0.5 Hz is the higher frequency part of the 
VLP band that represents another small spectral peak. To determine source location and mechanism 
of long-period (LP) seismic signals, we select the frequency band at 0.5-1.0 Hz at which seismic 
scattering effects are small. This is the first time to perform moment tensor inversion by using a 
very-near-field seismic network, so we examine the resolution of the inversion results based on 
model resolution matrices and synthetic tests of network performance and finite source modelling.  
 
3.1  Method 
We apply a moment tensor inversion method of Maeda et al. (2011) to VLP and LP seismic signals 
associated with small explosions. This method is developed to deal with horizontal seismograms 
strongly contaminated by tilt motions. The observed seismogram generated by a moment-tensor is 
described in the time domain as  
 
𝑈𝑛
obs(𝑡) = 𝑀𝑝𝑞(𝑡) ∗ 𝐺𝑛𝑝,𝑞(𝑡),       𝑝, 𝑞 = 𝑥, 𝑦, 𝑧,               (3.1) 
 
where 𝑈𝑛
obs(𝑡) is the seismogram in 𝑛 -th component at a receiver at time 𝑡 , 𝑀𝑝𝑞(𝑡) is the 
moment tensor where 𝑝 is the direction of the force and 𝑞 is the direction of the arm of the 
moment, 𝐺𝑛𝑝,𝑞(𝑡) is the Green’s function in 𝑛-th component excited by a unit impulse source 
acting to the 𝑝 -th direction, the notation 𝑞 indicates spatial differentiation, and the symbol * 





obs(𝜔) = 𝑀𝑝𝑞(𝜔)𝐺𝑛𝑝,𝑞(𝜔),                   (3.2) 
 
where 𝜔 is the angular frequency. Here, we indicate the contribution of both translational and tilt 











tilt (𝜔) are the Fourier spectra of 𝑛-th component of Green’s functions 
for translational and tilt motions, respectively, and 𝐼𝑛
trans(𝜔)  and 𝐼𝑛
tilt(𝜔)  are the 𝑛 -th 
component of seismometer’s responses to translational and tilt motions, respectively. The response 
of horizontal seismometer to ground displacement can be obtained from the poles and zeros of the 









,                (3.4) 
 
where 𝜔0 is the natural period of the seismometer and 𝐷 is the damping constant. The response 









,                (3.5) 
 
where 𝑔  is the gravitational acceleration. Therefore, the tilt response on the horizontal 







trans(𝜔).                    (3.6) 
 
For a vertical seismometer, the tilt response function 𝐼𝑛
tilt(𝜔) can be regarded to be almost exactly 
zero (e.g. Graizer 2006; Aoyama 2008; Maeda et al., 2011).  
The matrix form of equation (3.3) incorporating equations (3.4), (3.5) and (3.6) can be written as 
 




where 𝐆 is the matrix of Green's functions including both translational and tilt motions and these 
two response functions, 𝐝 is the seismic data vector and 𝐦 represents the source mechanism 
vector that consists of six moment tensors. The least squares solution of the source mechanism is 
written as 
 
𝐦s = [𝐆H𝐆]−1𝐆H𝐝,                         (3.8) 
 
where the symbol H indicates the conjugate transpose (Hermitian). The synthetic seismograms are 
obtained by the inverse Fourier transform of the product of the Green’s functions 𝐆 and the 
solution 𝐦s. In this method, the tilt effect is included in the Green’s function term, although the 
decomposition of the observed seismogram into translational and tilt contributions is not required. 
We compute the Green's functions by a software package of Open-source Seismic Wave 
Propagation Code (OpenSWPC, Maeda et al., 2017). This numerical simulation of seismic wave 
propagation is based on the staggered-grid finite difference method with the fourth-order accuracy 
in space and second-order accuracy in time (Levander, 1988). The Green's functions are convolved 





[1 − cos (
2𝜋𝑡
𝑡𝑟
)] ,   0 ≤ 𝑡 < 𝑡𝑟  
0,          𝑡 ≥ 𝑡𝑟                       (3.9) 
 
where 𝑡𝑟 is the rising time of the source time function. 
Our computational domain is centered at the summit and it consists of a grid with 401×401×201 
nodes in the north-south (NS), east-west (EW) and up-down (UD) directions equispaced by 10 m 
for a total length of 4×4×2 km. We note that positive 𝑥 and 𝑦 directions are set to be north and 
east, respectively, and 𝑧 direction is vertical one with downward positive UD. This Cartesian 
coordinate is based on the computational one in OpenSWPC. However, the vertical component of 
the output waveform is changed to be positive upward in this software. We assume P wave velocity 
𝑉𝑝 of 3.5 km/s, S wave velocity 𝑉𝑠 of 2.0 km/s, and the medium density 𝜌 of 2650 kg/m
3 (Chouet 
et al., 1998, 2003). The quality factors of P and S waves, 𝑄𝑝 and 𝑄𝑠 are set to be 50. The node 
spacing of the point sources is 50 m with 9 × 9 × 8 in 3-D mesh. Considering the topographic 
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condition of the volcano, we distribute 543 point sources (Figure 3.1). Firstly, the Green's functions 
for translational motion 𝐺𝑛𝑝,𝑞
trans(𝜔)  are yielded at the eight broadband seismic stations by 
convolving the cosine function in equation (3.9) for 𝑡𝑟 = 0.5 s. We calculate the Green’s functions 
in velocity response and apply the data vector 𝒅 as velocity seismograms. This is because the 
displacement Green’s functions are strongly affected by permanent displacements, which may lead 
to phase reversal in the time function of 𝒎s due to the cyclic convolution. Then, the Green's 
functions for tilt motion 𝐺𝑛𝑝,𝑞
tilt (𝜔) are obtained by computing the vertical displacement at the grids 
around the stations with 10 m interval, taking the difference of the vertical displacement in the east-
west and north-south directions, and converting to the velocity responses.  
We determine the best fit source location and source mechanism which show the minimum misfit 
between the observed and synthetic seismograms. The misfit is calculated by the following equation 





obs(𝑘∆𝑡)  and 𝑈𝑛
syn(𝑘∆𝑡)  are the 𝑘 -th time sample of the observed and synthetic 
seismograms, 𝑁𝑡 is the number of data traces and 𝑁𝑠 is the number of samples in each trace. 
 
3.2  Results 
We firstly apply the inversion method to the seismograms in which a zero-phase Butterworth band-
pass filter of 0.05-0.2 Hz is applied. Figure 3.2 shows the distribution of optimal source locations 
for 103 events. The number of events for each source grid is indicated by the different size and color 
of a hexagon or a gray circle. We define source clusters only from the difference in these locations 
and label the two main source clusters as location (ⅰ) (63 events) and location (ⅱ) (28 events). The 
result shows that most of the VLP (0.05-0.2 Hz) sources are located at the west of or the edge of the 
crater rim with 600 or 650 m a.s.l. The depth becomes about 100-150 m shallower than the source 
location result of previous studies (e.g., Chouet et al., 2003, 2008) which is shown by a gray star.  
 We show the results of source mechanism and waveform fitting for the events in location (ⅰ) and 
(ⅱ). Figures 3.3 (a) and (b) show the average of moment tensor time functions of all events in 
location (ⅰ) and (ⅱ). The moment tensor solutions for both clusters indicate that the vertical dipole 


















eigenvectors for the “average” moment tensor solutions shown in Figures 3.3 (a) and (b), 
respectively. The amplitudes of eigenvectors are represented by the eigenvalues of the maximum 
amplitudes of moment tensor time functions. Figures 3.4 (a) and (b) compare the waveforms of 
observation and synthetics for the two type events. The waveforms are well matched with each 
other for both events (𝐸1 = 10.0 % and 10.2 %). The average value of 𝐸1 in all the 103 events is 
10.7 %. Also, the average values of the squared errors in the events in location (ⅰ) and (ⅱ) are 9.6-
13.2 % and 7.6-13.1 %, respectively. 
Figure 3.5 compares the root-mean-square (RMS) amplitude distribution between the events in 
location (ⅰ) and (ⅱ). The amplitude distributions of both the two source clusters are almost same for 
all events. The comparison shows that the amplitude distributions at NS component of ST3 and ST5 
are slightly different between the two source clusters. Note that these amplitude distribution changes 
could not be seen in the permanent seismic network. Figures 3.6 (a) and (b) compare the normalized 
VLP waveforms between the two source clusters at NS component of ST3 and ST5. These 
waveforms are aligned in time at 20 s based on the arrival time of infrasound. The comparisons 
illustrate that the waveforms before about 20 s seem to be similar to each other. However, the 
waveforms after about 20 s in location (ⅱ) seem to be dominated by longer period than the 
waveforms in location (ⅰ). Such a slight difference in waveforms may reflect temporal changes in 
the source locations and/or mechanisms during/after the explosions.  
The inversion result for the higher frequency part of the VLP band at 0.2-0.5 Hz shows that the 
57 events in all 103 events are located just below C crater (Figure 3.7), which is labeled as location 
(ⅲ). This location is shifted 100 m east from the main source cluster for 0.05-0.2 Hz (location (ⅰ)) 
shown in Figure 3.2 so that it becomes closer to NE crater. We define source clusters only from the 
difference in the source locations and label the top two clusters as location (ⅲ) and location (ⅳ) (13 
events). Figures 3.8 (a) and (b) show the solutions of the moment tensor time functions for the 
events in the two source clusters. The solutions for the events in location (ⅳ) seem unstable but the 
solutions for the events in location (ⅲ) are stable and the diagonal moment tensor components are 
dominated. Due to the wavelength in the frequency band and the condition of the network, the 
resolution of the source mechanisms may not be still assured. The mean value of 𝐸1 for the 103 
events is 15.1 % 
Figure 3.9 shows the distribution of optimal source locations for the 103 seismic events at 0.5-
1.0 Hz (LP). We label the main three clusters as location (ⅴ) (21 events), location (ⅵ) (17 events), 
and location (ⅶ) (14 events). The result shows that source locations are fluctuated compared to the 
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lower frequency band because of lower signal-to-noise ratios of signals or more complex 
waveforms which may be affected by heterogeneities or scattering processes in the volcanic 
structure. However, the source clusters are further shifted to the east and the depths become 
shallower compared with VLP sources. Particularly, the events in location (ⅴ) and (ⅶ) are roughly 
below NE crater. These sources are located nearby those of earthquakes at 0.5-2.5 Hz frequency 
band (Chouet et al., 1997). Figure 3.10 shows the solutions of the moment tensor time functions for 
the events in three source clusters. The solutions become further unstable and the mean value of 𝐸1 
for all the 103 events is 23.0 %. The results indicate that the diagonal moment tensor components 
are also dominated.  
Figure 3.11 compares the causal band-pass filtered waveforms of UD component at ST1 at 
different frequency bands (0.05-0.2 Hz, 0.2-0.5 Hz and 0.5-1.0 Hz) to see temporal evolution. This 
figure shows that the origin times of the initial motion are almost same at different frequency bands. 
Almost no origin time differences at different frequency bands may indicate that these sources are 
almost simultaneously excited. The relation between the origin times and the source locations is 
discussed in detail in Chapter 5. 
 
3.3  Discussion 
3.3.1  Comparison with the source locations determined by semblance 
analysis 
Hereafter, we mainly focus on the seismic signals at 0.05-0.2 Hz to verify the accuracy of source 
locations and mechanisms that are determined by using the very-near-field data because the 
solutions are obtained with lower errors (𝐸1) than other frequency bands. 
The locations of the VLP (0.05-0.2 Hz) sources determined in this study show 100-150 m 
shallower than the source location determined by moment tensor inversion (Chouet et al., 2003, 
2008) and polarization analysis (Marchetti and Ripepe, 2005). In order to examine whether similar 
source location can be determined by another source location method, we compare our results with 
the source location of the VLP signals that are determined by a semblance analysis of Kawakatsu 
et al. (2000). This method measures waveform coherency among the stations and high coherency 
indicates the seismic energy isotropically radiates from a source to all stations as compressive body 
waves. The waveform semblance can be expressed in order to incorporate information contained in 
rectilinearity of the particle motions of the seismograms by emphasizing the radial component and 
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where 𝐿 is the total number of time samples, 𝑁 is the total number of stations, 𝑅𝑖,𝑗(𝑖) ≡ 𝑅𝑖(𝑡𝑖 +
𝑗∆𝑡) is the radial component of the seismogram at 𝑖-th station at 𝑗(𝑖)-th time sample from the start 
time 𝑡𝑖 which is shifted by the travel time from an assumed source to the station, 𝑉𝑖,𝑗(𝑖) is the 
component in the direction perpendicular to 𝑅 within the vertical plane which contains both source 
and receiver, and 𝐻𝑖,𝑗(𝑖) is in the horizontal component perpendicular to both 𝑅 and 𝑉 . The 
scaling factor 𝐷 can be taken as 








Before calculating equation (3.11), each seismogram is normalized to give equal weight of 














We calculate the semblance values at each point source by grid search in the same region as 
moment tensor inversion. We assume a wave velocity of 3.5 km/s. Figure 3.12 (a) illustrates the 
source distribution and the semblance values are statistically examined in Figure 3.12 (b). The result 
shows that the source locations are same for 100 events in all 103 events. These are located at about 
200 m west of NE crater. The source depths also become about 100 m shallower than previous 
studies (e.g., Chouet et al., 2003, 2008; Marchetti and Ripepe, 2005). The semblance values are 
above 0.80 for almost all events. The high coherency representing strong rectilinearity of the 
waveforms suggests that the source mechanism of the VLP signals is dominated by more isotropic 
volumetric changes. The main source location determined by the semblance analysis is slightly 






(ⅱ)). Although the source locations are separated into two main clusters by the moment tensor 
inversion (location (ⅰ) and (ⅱ)), there is no such separation in the semblance results. This may be 
due to the difference in the assumption of the source mechanism between the two analyses. The 
semblance analysis supposes an isotropic point source so that it may be difficult to catch the slight 
differences in the source locations or mechanisms. However, we succeeded in determining the 
source locations that are close to the results of the moment tensor inversion and clearly different 
from the previous studies (e.g., Chouet et al., 2003, 2008; Marchetti and Ripepe, 2005) by the 
semblance analysis. 
 
3.3.2  Model resolution matrices 
To investigate how well the model parameters can be resolved in the inverse problem, we calculate 
a model resolution matrix (Menke, 1984; Stein and Wysession, 2003). Firstly, we assume that the 
model parameter vector 𝒎 is true but unknown to explain the observation data 𝐝obs 
 
𝐝obs = 𝐆𝐦true.                          (3.14) 
 
Here, 𝐆 is the data kernel corresponding to the Green’s functions computed from a point source 
and 𝐦true is the vector of the moment tensors. The estimated model 𝐦est is given by using the 
generalized inverse of 𝐆 and equation (3.14) as 
 
𝐦est = 𝐆−g𝐝obs =  𝐆−g[𝐆𝐦true] = [𝐆−g𝐆]𝐦true = 𝐑𝐦true ,       (3.15) 
 
where the symbol −g represents the generalized inverse and 𝐑 is the model resolution matrix. 
The estimated model parameters are the weighted average of the true model parameters. The 
diagonal values of the model resolution matrix simply indicate how well the model parameters can 
be solved. If 𝐑 =  𝐈, each model parameter is perfectly solved.  
Based on the singular-value decomposition (SVD), an 𝑛 × 𝑟 data kernel 𝐆 is decomposed as 
 
𝐆 = 𝐔𝚲𝐕T,                            (3.16) 
 
where 𝐔 is an 𝑛 × 𝑛 unitary matrix, 𝚲 is an 𝑛 × 𝑟 rectangular diagonal matrix, 𝐕 is an 𝑟 × 𝑟 
unitary matrix and the symbol T indicates the transpose. The diagonal elements of 𝚲  are 
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nonnegative singular values. If 𝐆−𝐠𝐆 is singular since at least one eigenvalue of this symmetric 
matrix is zero, the diagonal elements of 𝚲 are composed of 𝑝 (< 𝑟) nonzero eigenvalues. This 
𝑝 × 𝑝  matrix 𝚲𝑝  enables to decompose the data kernel 𝐆  by using only the eigenvectors 
associated with nonzero eigenvalues, 
 
𝐆 = 𝐔𝚲𝐕T = 𝐔𝑝𝚲𝑝𝐕𝑝
T,                        (3.17) 
 
where 𝐔𝑝 is the 𝑛 × (𝑛 − 𝑝) matrix divided from the matrix 𝐔 by using the eigenvectors with 
nonzero eigenvalues and 𝐕𝑝 is the 𝑟 × (𝑟 − 𝑝) matrix divided from the matrix 𝐕. In this case, 




T.                         (3.18) 
 
Then, the model resolution matrix 𝐑 yields 
 




T.              (3.19) 
 
The Green's functions are convolved with the cosine function expressed as equation (3.9) with 
𝑡𝑟 = 5 s. This rising time describes the dominant period of VLP seismograms in our analyses (0.05-
0.2 Hz). Figure 3.13 (a) shows the distribution of normalized eigenvalues obtained from the SVD 
of the data kernel 𝐆 computed from the point sources of location (ⅰ), location (ⅱ) and 100 m below 
location (ⅰ). We select the point source of 100 m below location (ⅰ) because the depth is consistent 
with the result of VLP source location determined by some previous studies (e.g., Chouet et al., 
2003, 2008; Marchetti and Ripepe, 2005) and in order to examine the depth dependence of the 
resolution. The distribution shows that the sixth eigenvalues are sufficiently small for all source 
locations, especially location (ⅰ) and (ⅱ). These eigenvalues are 0.69 %, 0.23 %, and 1.37 % of 
overall contribution, respectively. Here, we place the eigenvalues less than 1.0 % of overall 
contribution with zero to consider the pseudoinverse problem in equations (3.17), (3.18) and (3.19). 
Figures 3.13 (b), (c) and (d) show the model resolution matrices calculated by using the eigenvalues 
exceeding the threshold. The results of location (ⅰ) and (ⅱ) show that the resolution of the diagonal 
components of the moment tensors (𝑀xx, 𝑀yy, and 𝑀zz) are lower than the deviatoric ones. There 
are large trade-offs between one diagonal moment tensor and the other two diagonal ones. These 
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results suggest that the diagonal components of the source mechanisms are not very well 
constrained even by using our very-near-field seismic network. However, the well-constrained 
deviatoric components indicate the dominance of the diagonal components in the source 
mechanisms. The model resolution matrix for the source 100 m below location (ⅰ) shows the model 
parameters is completely solved under the condition with a threshold of 1.0 % of overall 
contribution. Although the physical meaning of 1.0% is not clear but may be related to a signal to 
noise ratio, this result suggests that the source mechanism solution for a deeper event is likely to be 
more accurately obtained than a shallower event. This is consistent with the results of synthetic tests 
of moment tensor inversion for different source location and network configuration conducted by 
Lanza and Waite (2018). 
 
3.3.3  Examination of source location resolution based on synthetic tests of 
network performance 
We investigate how well the accuracy of source location has been relatively improved by the very-
near-field condition compared to the distant seismic network used in other previous studies. Figure 
3.14 (a) shows the location of our temporary seismic stations in 2016 and synthetic stations. These 
18 synthetic stations are located at 500 m and 1000 m away from the C crater, and the shape and 
distance are configured to resemble to the network of the previous study by Chouet et al. (2003). 
Figures 3.14 (b) and (c) indicate the model resolution matrices for the seismic stations in 2016 and 
the 18 synthetic stations when the source location is set at location (ⅰ) obtained. The comparison 
shows that the resolution for the distant network with a large number of stations is not significantly 
improved.  
 We next perform moment tensor inversion for synthetic source mechanisms. We assume three 
source models, isotropic expansion/contraction with moment tensor ratios of 1:1:1, a crack with 
N45 °E striking opening/closing to NW-SE direction where the strike is parallel to the long axis of 
the crater terrace, and a crack opening/closing to vertical direction at 600 m a.s.l., which is similar 
to our source mechanism solutions. We also assume a Poisson ratio 𝜈 = 1/2 so that the principal 
axes for the both crack models have amplitude ratios of 3:1:1 in descending order. We compute the 
Green's functions at each station and convolve with an observed waveform at UD component of 
ST1 at 0.05-0.2 Hz frequency band as a source time function. We also add white noises that are 
calculated using the root mean squared of the amplitude of this source time function. By using the 
synthetic waveforms, we conduct moment tensor inversion and calculate the variance reduction 
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(VR) of waveforms derived from VR = 1 − 𝐸1.  
 We compare the source region within 90 % of the maximum of VR value between the seismic 
stations in 2016 and the 18 synthetic stations. Figures 3.15 (a), (b) and (c) compare the regions 
within 90 % of the maximum VR values for an isotropic source, a N45 °E striking crack, and a sill 
crack, respectively. We note that the optimal source locations illustrating the maximum VR value 
are determined at the input locations in the all source models with the all network configurations. 
Table 3.1 summarizes the number of source grids within 90 % of the maximum VR values. The 
comparison shows that the number of source grids for the seismic stations in 2016 is significantly 
smaller than that for the distant synthetic stations. This suggests that the source location is more 
exactly determined by using the very-near-field data. 
  
3.3.4  Synthetic tests for finite source models 
Waveform inversion of VLP signals is usually conducted based on the conception of a point source 
approximation (Aki and Richards, 1980). In this study, assuming a 𝑉𝑝  of 3.5 km/s, whose 
wavelength (𝜆) of VLP at 0.05-0.2 Hz is 17.5-70 km, the distance (𝑟) from the source to stations of 
0.1-0.7 km, and the magma reservoir extending for about 0.3 km (𝐿) which is consistent with the 
long axis of the crater area, the point source approximation 𝐿2 ≪  𝑟𝜆/2 could be satisfied in theory. 
However, the distance (𝑟) is relatively small compared to the assumed source size so that the near-
field effects or the radiation patterns by a finite source should be considered in the condition of the 
very-near-field observation. 
 Here, we have synthetic tests for finite source modelling. In the synthetic tests, we first compute 
synthetic waveforms by adding the Green's functions from the several point sources for two models: 
a crack with N45 °E striking and with 3×3 source grids opening/closing to NW-SE direction, and 
a crack opening/closing to vertical direction at 600 m a.s.l. with 3×3 source grids (Figures 3.16 (a) 
and (c)). Here, we assume that the all point sources move simultaneously. We convolve the synthetic 
waveforms with an observed waveform at ST1 (UD component) at 0.05-0.2 Hz frequency band as 
a source time function. We also add white noise that is calculated by using the root mean squared 
amplitude of this source time function.  
The source recovery result shows that the optimal source location is determined at the centroid 
of the source region in the case of the crack with N45 °E striking, which is illustrated by a white 
square (Figure 3.16 (a)). In the case of the sill crack, the optimal source is determined at a location 
only 50 m (1 grid) below the centroid of the crack. These results suggest that there is little problem 
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in the very-near-field condition for constraining the centroid of VLP source even for finite size of 
sources. Figures 3.16 (b) and (d) compare the eigenvectors obtained from the maximum amplitudes 
in the moment tensor components between the source models and the solutions. We note that the 
magnitudes of the eigenvectors are normalized by the maximum ones to be 3.0 so that we mainly 
discuss the fitting of the direction of the eigenvectors. The results show that the eigenvectors 
between input models and output solutions are not so well matched. These comparisons suggest 
that the source mechanisms in the finite sources may not be well constrained by the very-near-field 
condition. Particularly, the misfit for the N45° E striking crack model is much larger than the sill 
crack model. This also suggests that not only the network configuration but also the source type or 
the geometry of the retrieved mechanism may disable us to constrain the source mechanism by 
moment tensor inversion (Lanza and Waite, 2018).  
These synthetic tests are also conducted for the synthetic network configured by 18 stations 
(Figure 3.14 (a)). Figure 3.17 shows the recovery of the source locations and mechanisms for the 
synthetic network. The source location recovery results (Figures 3.17 (a) and (c)) show that the 
optimal source locations are estimated to the centroid of the source regions in both source models. 
However, the error (𝐸1) distribution implies that the centroids are not well constrained compared 
with the results in Figures 3.16 (a) and (c). The source mechanism recovery results (Figures 3.17 
(b) and (d)) suggest that the distant network is more appropriate to constrain the source mechanism 
than the very-near-field network. The combination of very-near-field and distant network will 
enable us to obtain both optimal source location and mechanism of eruption earthquakes.  
 
3.3.5  Single force source 
Several previous studies of moment tensor inversion of explosion earthquakes include the single 
forces (e.g., Ohminato et al., 1998, 2006; Chouet et al., 2003; Waite et al., 2008). The vertical single 
force (𝐹𝑧) has often been observed in the source mechanism solutions and this has been interpreted 
as a reaction force by ejection of magma or gas in the conduit (Kanamori et al., 1984). It has been 
theoretically shown that a single force is generated according to the advection of materials in magma 
or hydrothermal system (Takei and Kumazawa, 1994). However, the single force components that 
are resolved at the same time as the moment tensor components are sometimes interpreted as 
spurious ones due to a mislocated source location, mismodeling of velocity structures, or low signal-
to-noise ratio of signals (Davi et al., 2010; De Barros et al., 2013; Trovato et al., 2016).  
We perform moment tensor inversion including the single forces for the 103 VLP events to 
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compare the solutions of moment tensor inversion between six components and nine components 
including three single forces and six moment tensors. The observed seismogram generated by a 
moment tensor and a single force is described in the frequency domain as 
 
𝑈𝑛
obs(𝜔) = 𝐹𝑝(𝜔)𝐺𝑛𝑝(𝜔) + 𝑀𝑝𝑞(𝜔)𝐺𝑛𝑝,𝑞(𝜔),              (3.20) 
 
where 𝐹𝑝(𝜔) is the 𝑝-th direction single force. The matrix form can be written as the same one as 
equation (3.7), but the dimension of the matrix 𝐺 becomes the number of traces × 9 and the 
source mechanism vector that consists of six moment tensors and three single forces. The Green's 
functions for the single forces are computed by the software of OpenSWPC (Maeda et al., 2017).  
Figure 3.18 shows the result of the distribution of optimal VLP (0.05-0.2 Hz) source locations. 
The number of events for each source grid is indicated by the different size and color of a hexagon 
or a gray circle. We have labeled the top two clusters as location (ⅷ) (60 events) and location (ⅸ) 
(27 events) based on only the difference in the locations. The result shows that the locations shift 
to north direction in 150-200 m compared with the locations determined by using only 6 moment 
tensors. Figure 3.19 shows the stacked solutions of the single force components and moment tensor 
components. The results show that the three diagonal moment tensor components and the north-
south direction of single force (𝐹𝑥) are dominant. Figure 3.20 shows the waveform fitting between 
the observation and synthetics for the two events in location (ⅷ) and location (ⅸ), respectively. 
The residuals of waveforms (𝐸1) are improved to 7.3 % and 7.1 %. The mean value of 𝐸1 for 103 
events is 7.8 %. We examine the contribution of single forces and moment tensors to the synthetic 
waveforms. The green dashed lines in Figure 3.20 are the synthetic waveforms calculated from the 
moment tensors, and the blue dashed lines are calculated from the single forces. The comparison 
suggests that the horizontal single force (𝐹𝑥 , 𝑥: north) mainly contributes to improve the waveform 
fitting on the NS component of waveforms.  
If we forcibly interpret this single force, a plausible physical mechanism is that the single force 
may act as a reaction force for the southward movement of magma or gas toward the region below 
the crater. We examine how well the observed single force can explain the physical processes in the 
conduit. The strength of the force 𝐹 due to viscous liquid flow in a cylindrical conduit is given as 
𝐹 =  8𝜋𝜂𝜈𝑙, where 𝜂 is the fluid viscosity, 𝜈 is the mean fluid velocity, and 𝑙 is the length of 
the conduit wall (e.g., Turcotte and Schubert, 2001; Ohminato et al., 2006). Using 𝐹 of 9.0×107 
N, which is the mean value of 𝐹𝑥 in the 103 VLP events, magma viscosity 𝜂 of 10
4 Pa･s (Métrich 
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et al., 2001) and the conduit length 𝑙 of 250 m, which is the distance from location (ⅷ) to the 
crater is directly elongated, we obtain the mean fluid velocity of 1.4 m/s. The ascending time of the 
fluid from the VLP source to the crater is calculated to 178.6 s. However, the main VLP phase starts 
about 5 s before an explosion so that the ascending time is too slow to explain the temporal evolution 
from the origin of VLP signals to an explosion.  
The model resolution matrices including three single force components and six moment tensor 
components at source location (ⅷ) are computed (Figures 3.21 (a), (b) and (c)). The amplitudes of 
the single forces and the moment tensors estimated by moment tensor inversion are generally 
different with the ratios (𝑀𝑝𝑞/𝐹𝑝) of 10
3-105 (e.g., Ohminato et al., 1998; Chouet et al., 2003; Waite 
et al., 2008). Our results in Figures 3.19 (a) and (b) also show that the ratios (𝑀𝑝𝑞/𝐹𝑝) are around 
103-105. This affects the eigenvalues in SVD computation in equation (3.16)-(3.19). Thus, we 
change the amplitude weight of the Green’s functions in the single forces as 𝐹𝑝/1000, 𝐹𝑝/10000, 
and 𝐹𝑝/100000 in the data kernel to compute the model resolution matrices. The results show that 
the model parameters cannot be completely solved under the condition that the threshold is 1.0 % 
of overall contribution.  
Due to the difficulty in interpreting the temporal evolution of seismic and acoustic signals such 
shown in Figure 2.2, smaller amplitude of the vertical single force (𝐹𝑧) in the solutions, and lower 
resolution of the model parameters even including the single forces, we are not able to discuss the 
source mechanism including the single forces. 
 
3.4  Summary 
We have conducted seismic moment tensor inversion including tilt responses using temporary very-
near-field network data at Stromboli volcano. Most of the VLP (0.05-0.2 Hz) seismic sources 
associated with small explosions are located at the edge of the crater rim, which are about 200 m 
away from the eruptive (NE) crater at 600 m or 650 m a.s.l. These two clusters may indicate the 
difference in the source mechanisms during/after explosions. The source mechanisms show the 
dominance of the vertical dipole component of the moment tensor, but the model resolution matrices 
calculated from the Green's functions indicate lower resolutions of three diagonal moment tensors 
than the deviatoric ones. The seismic sources at 0.2-0.5 Hz (higher frequency part of the VLP band) 
and 0.5-1.0 Hz (LP) are located closer to NE crater than the sources at 0.05-0.2 Hz. These VLP and 
LP earthquakes may be almost simultaneously excited from different centroids. Synthetic tests of 
network performance show that the distant seismic network does not necessarily contribute to the 
30 
 
improvement of the mechanism solutions. Furthermore, the very-near-field network contributes to 
exactly determine the source locations compared to the synthetic seismic network configured by 18 
stations. Synthetic tests of finite source modelling support the reliability of the source locations 
determined by our very-near-field network data and inaccuracy of the source mechanisms.  
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Table 3.1 Number of source grids within 90 % of the maximum variance reduction (VR) of waveforms 
obtained by moment tensor inversion. These regions are illustrated in Figure 3.15.  
 
 Isotropic N45°E crack Sill 
Seismic stations in 2016 56 48 51 





Figure 3.1 Point source distribution for computing the Green’s functions. The point sources 
are embedded with intervals of 50 m in east-west (𝑦 ), north-south (𝑥 ) and up-down (𝑧 ) 
directions. Total number of the point sources is 543. Dashed lines in the horizontal section 
indicate the positions of the cross sections. The main craters are represented by the red circles 
in the horizontal section. The blue, green and black triangles indicate temporary seismic and 





Figure 3.2 Source distribution of 103 seismic events at 0.05-0.2 Hz determined by moment 
tensor inversion. The brown hexagon shows the location of 63 events (location (ⅰ)). The 
green hexagon shows the location of 28 events (location (ⅱ)). The gray circles show the 
location of other events and each cluster include less than 6 events. The gray star illustrates 




Figure 3.3 (a) Stacking of the moment tensor solutions for the events in location (ⅰ). The red 
dashed lines illustrate the average lines of the stacking moment tensor solutions. Note that 
the 𝑥 and 𝑦 directions are set to be NS and EW, respectively, and the 𝑧 direction is 
vertical one. (b) Similar to Figure 3.3 (a) for the events in location (ⅱ). (c) Plot of 
eigenvectors for the “average” moment tensor solution shown in Figure 3.3 (a). The values 
indicate the ratios of the principal axes. (d) Similar to Figure 3.3 (c) for the “average” 
moment tensor solution shown in Figure 3.3 (b). 
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Figure 3.4 (a) Waveform fitting for an event in location (ⅰ). The observed seismograms are 
represented by black lines and synthetic waveforms for the inversion results are represented 
by red lines. The residual of waveforms calculated by equation (3.10) is 10.0 %. (b) Similar 
to Figure 3.4 (a) for an event in location (ⅱ). The residual of waveforms is 10.2 %.   
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Figure 3.5 Distribution of normalized root-mean-square amplitudes (0.05-0.2 Hz) for all 




Figure 3.6 (a) Normalized waveforms at 0.05-0.2 Hz for all events in location (ⅰ) (brown 
lines) and (ⅱ) (green lines) at NS component of ST3. (b) Similar to Figure 3.6 (a) for NS 





Figure 3.7 Source distribution of 103 seismic events at 0.2-0.5 Hz determined by moment 
tensor inversion. The brown hexagon shows the location of 57 events (location (ⅲ)). The 
green hexagon shows the location of 13 events (location (ⅳ)). The gray circles show the 





Figure 3.8 (a) Stacking of the moment tensor solutions for the events in location (ⅲ). The 
red dashed lines illustrate the average lines of the stacking moment tensor solutions. (b) 




Figure 3.9 Source distribution of 103 seismic events at 0.5-1.0 Hz determined by moment 
tensor inversion. The brown hexagon shows the location of 21 events (location (ⅴ)). The 
green hexagon shows the location of 17 events (location (ⅵ)). The blue hexagon shows the 
location of 14 events (location (ⅶ)). The gray circles show the location of other events and 




Figure 3.10 (a) Stacking of the moment tensor solutions for the events in location (ⅴ). The 
red dashed lines illustrate the average lines of the stacking moment tensor solutions. (b), (c) 





Figure 3.11 Comparison of waveforms in different frequency bands, 0.05-0.2 Hz, 0.2-0.5 Hz, 







Figure 3.12 (a) Source distribution of 103 VLP (0.05-0.2 Hz) seismic events determined by 
the semblance analysis and comparison with moment tensor inversion. The methods and 
number of events are listed in EW cross section. (b) Histogram of the semblance values for 





Figure 3.13 (a) Distribution of eigenvalues obtained by the SVD of the data kernel. The 
colors indicate the different point sources. The black dashed line shows 1.0 % of the overall 
contribution of the model parameters to the solution and threshold for considering the 
pseudoinverse problem. (b) Model resolution matrix for source location (ⅰ). A color scale 
indicates the value of the diagonal component in the matrix. (c) Model resolution matrix for 




Figure 3.14 (a) Location of seismic stations. Blue triangles show the temporary seismic 
network in 2016. Black triangles show the synthetic network configured by 18 stations. The 
brown square indicates the source location determined by moment tensor inversion (location 
(ⅰ)) for computing the Green's functions. The red dashed circles are the locations of the 
craters. (b) Model resolution matrix computed by using the seismic stations in 2016. (c) 
Model resolution matrix computed by using the 18 synthetic seismic stations. A color scale 





Figure 3.15 (a) Comparison of the regions within 90 % of the maximum VR values between 
the seismic stations in 2016 (blue squares) and the 18 synthetic stations (red squares) for an 
isotropic source. The yellow squares indicate the source location which shows the maximum 





Figure 3.16 (a) Comparison of the source location between input finite source model (black 
squares) and the output solution (white square) in the case of a N45 °E striking crack for 
the temporary network in 2016. A color scale illustrates the error value of waveforms (𝐸1). 
(b) Comparison of the source mechanism expressed by eigenvectors of moment tensors 
between input finite source model (red dashed lines) and output solution (black lines). The 
values are normalized eigenvalues of the vectors. (c), (d) Similar to Figures 3.16 (a) and (b) 









Figure 3.18 Source distribution of 103 VLP (0.05-0.2 Hz) seismic events determined by 
moment tensor inversion including the single forces. The brown hexagon shows the location 
of 60 events (location (ⅷ)). The green hexagon shows the location of 27 events (location 
(ⅸ)). The gray circles show the location of other events and each cluster include less than 




Figure 3.19 (a) Stacking of the moment tensor and single force solutions for the events in 
location (ⅷ). The red dashed lines illustrate the average lines of the stacking moment tensor 




Figure 3.20 (a) Waveform fitting for an event in location (ⅷ). The observed seismograms 
are represented by black lines and synthetic waveforms for the inversion results are 
represented by red lines. The green dashed lines indicate the waveforms computed by 
moment tensor solutions. The blue dashed lines show the waveforms computed by single 
force solutions. The residual of waveforms calculated by equation (3.10) is 7.3 %. (b) Similar 





Figure 3.21 (a) Model resolution matrix including the single forces for source location (ⅷ) 
with the amplitude weight of the Green’s functions in the single forces of 𝐹𝑝/1000. (b) 







Relative hypocenter determination of eruption 
earthquakes  
 
In this chapter, the source locations of VLP signals at 0.05-0.2 Hz are estimated by using a method 
which combines the modified master event method after several previous studies (e.g. Stoddard and 
Woods 1990; Zollo et al. 1995) with the deconvolution technique (e.g., Snieder and Safak, 2006). 
Seismic events are located relative to the location of a "master event" using arrival time differences 
measured by deconvolving the single events (hereafter called "slave event") with the "master event" 
at each station. This method can be effective to investigate how the repetitive earthquakes are 
distributed around a master event based on changes in waveform correlation and source time 
function. By using this method, we examine the location errors and variabilities within a small 
region that is difficult to evaluate by the moment tensor inversion that uses a grid search.  
 
4.1  Method 
The arrival time of seismic wave at a station for the master event can be written as 
 
𝑡𝑚,𝑘 = 𝑇𝑘(𝑥𝑚, 𝑦𝑚, 𝑧𝑚; 𝑥𝑘 , 𝑦𝑘 , 𝑧𝑘) + 𝜏𝑚,                    (4.1) 
 
where 𝑇𝑘  is the travel time from the master event location (𝑥𝑚, 𝑦𝑚, 𝑧𝑚 ) to the 𝑘 -th station 
(𝑥𝑘 , 𝑦𝑘 , 𝑧𝑘) and 𝜏𝑚 is the origin time of the master event. When a slave event is closely located to 
the master event, the arrival time difference between the master event and the slave event can be 
approximated to  
 
∆𝑡𝑘 ≡ 𝑡𝑠,𝑘 − 𝑡𝑚,𝑘  















where (𝑥𝑠, 𝑦𝑠, 𝑧𝑠) represents the location of the slave event, 𝜏𝑠 is the origin time of the slave event, 
(∆𝑥, ∆𝑦, ∆𝑧) = (𝑥𝑠 − 𝑥𝑚, 𝑦𝑠 − 𝑦𝑚, 𝑧𝑠 − 𝑧𝑚) is the relative location of the slave event from the 
master event, and ∆𝜏 =  𝜏𝑠 − 𝜏𝑚  is the origin time difference. We further also calculate the 
residual between the arrival time differences between the 𝑘-th and 𝑙-th stations such as 
 





















and the matrix form of equation (4.3) can be represented as 
 
𝐝𝑡 = 𝐆𝑡𝐦𝑟 ,                             (4.4) 
 
in which 𝐝𝒕 is the data vector associated with the time difference ∆𝑡𝑘𝑙 with dimensions of the 
number of station pairs, 𝐆𝒕 represents the matrix consisting of the partial difference of the travel 
times, and 𝐦𝒓 denotes the relative source location. The squared residuals between the observed 
and the synthetic seismograms are minimized by using the least-squares method, and the solution 







T𝐝𝑡.                       (4.5) 
 
Error of the estimated relative location is computed by applying an error propagation rule. The 









 is the synthetic vector associated with the arrival time difference. The matrix of the 
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T,  
 




T and the notation < > indicates the average values. Here, the 
off-diagonal components are assumed to be independent of each other in σ𝑡. As a result, the error 
of the solution 𝐦𝒓 is obtained by the following equation, 
  
𝜎𝑖 = (√σ𝑚)𝑖𝑖 ,                           (4.8) 
 
where 𝑖 represents the errors along north-south (NS), east-west (EW) and up-down (UD) axes.  
Arrival times of VLP seismic events are not easily measured by inspection nor automatic picking 
techniques. We next describe here a method based on the deconvolution technique (e.g., Snieder 
and Safak, 2006) to calculate the arrival time difference, ∆𝑡𝑘 in equation (4.2), between the master 
and slave events at each station. Seismic signal representing the master event at the 𝑘-th station is 
expressed in the frequency domain by the following equation 
 
𝑢𝑚,𝑘(𝜔) = 𝑆𝑚(𝜔)𝑃𝑚,𝑘(𝜔)𝐴𝑘(𝜔)𝐼𝑘(𝜔),                   (4.9) 
 
where 𝑆𝑚(𝜔) represents the source spectrum of the master event, 𝑃𝑚,𝑘(𝜔) is the propagation 
effect, 𝐴𝑘(𝜔) is the site amplification factor and 𝐼𝑘(𝜔) is the instrumental response. When the 
locations of master and slave events appear to be close to each other, the deconvolution of their 












which is independent of the location of the station because the propagation effects can be regarded 
as almost equal (𝑃𝑚,𝑘(𝜔) ≅ 𝑃𝑠,𝑘(𝜔)). Hence, the spectral ratios calculated at all components of all 
the stations are almost the same to each other. Since the instrumental response 𝐼𝑘(𝜔) can be 





event. Therefore, we are able to include the seismic signals recorded by tiltmeters.  
Equation (4.10) may become unstable near the notches in the spectrum 𝑢𝑚,𝑘(𝜔). To stabilize the 









where the asterisk * denotes the complex conjugation and  is the stabilization parameter set to be 
a percentage of the average spectral power of 𝑢𝑚,𝑘  (Snieder and Safak, 2006). While the 
denominator in equation (4.11) has no phase characteristics, the numerator represents the cross 
spectrum of two signals, so that the arrival time difference between the master event and the slave 
event can be obtained by the inverse Fourier transform. Then, the bandpass filter of 0.05-0.2 Hz is 
applied to the deconvolution waveforms. Finally, the cross-correlation function (CCF) is applied to 
the deconvolution waveforms between the two stations for measuring the lag time ∆𝑡𝑘𝑙.  
 Figure 4.1 illustrates the outline of the deconvolution analysis. We compare this analysis with the 
analysis by using the cross-correlation function only. The comparison suggests that the CCF 
obtained from the deconvolution analysis is more suitable for measuring the lag time than that 
obtained from the CCF analysis, because the CCF obtained from the CCF analysis sometimes shows 
several peaks which could result from Gibbs ringing induced by the band pass filter, which 
sometimes makes us pick up the incorrect peaks. Therefore, the arrival time difference can be more 
easily and reliably obtained by the deconvolution technique.  
 
4.2  Results 
In this study, an event with the largest RMS amplitude at UD component of ST1 in the source cluster 
of location (ⅰ) (Figure 3.2) is selected as the master event. The stabilization parameter ( ) is set to 
be 10 %. We select the best time window of deconvolution waveforms for measuring the lag time 
∆𝑡𝑘𝑙. We set the window width of deconvolution waveforms from 1.0 s to 10 s. We then measure 
the lag time ∆𝑡𝑘𝑙 by CCFs and obtain the correlation coefficients. We set that the threshold of the 
correlation coefficient is 0.90. This value comes from the similarity of VLP (0.05-0.2 Hz) waveform 
in the network. If the coefficient is below 0.90, the station pair is not used to measure the lag time. 
We calculate the number of station pairs that the correlation coefficient of two deconvolution 




Finally, we compare the average number of station pairs for each time window width. Figure 4.2 
(a) shows the relationship between the time window width of deconvolution waveforms and the 
average number of station pairs. In this study, we select the window width of 6.5 s when the average 
number of station pairs is maximum. This time window is almost equivalent to the width of one 
pulse of the deconvolution waveform at 0.05-0.2 Hz (Figure 4.2 (b)). 
 Figure 4.3 shows the result of source locations of VLP signals at 0.05-0.2 Hz. The deep color 
indicates that the absolute source location error is determined to be less than 25 m, a half size of the 
grid size used in the moment tensor inversion in Chapter 3. There are 89 events shown in the deep 
color and there are 60 events located at the same position of the master event. Figure 4.3 (b) enlarges 
the cross sections shown in the black areas in Figure 4.3 (a). All events with the location error less 
than 25 m are located in these areas. The distribution shows that most of the VLP sources are located 
around the master event with the range of about 50 m in horizontal and about 80 m in depth. 
However, there appears to be no correlation between the relative source location and the source 
clusters determined by moment tensor inversion in Chapter 3. The location errors of the 89 events 
with the location errors less than 25 m are 0-5.2 m (EW), 0-15.8 m (NS), and 0-23.0 m (UD). There 
are 14 events with the location error above 25 m shown in the light color. Most of these events are 
located out of the black areas shown in Figure 4.3. The location errors of these 14 events are 7.5-
50.6 m (EW), 13.7-108.6 m (NS), and 28.8-215.6 m (UD), respectively. This may be due to small 
number of station pairs that satisfy the threshold of the correlation coefficient of 0.90 or due to low 
signal-to-noise ratios of deconvolution waveforms. These may be derived from low signal-to-noise 
ratios of or low correlation of the observed VLP waveforms. 
 
4.3  Discussion 
Figures 4.4 (a), (b) and (c) compare the deconvolution waveforms on each source cluster determined 
by moment tensor inversion in Chapter 3. There seems to be almost similar in deconvolution 
waveforms between location (ⅰ) and location (ⅱ). The difference which can be slightly seen after 
the peak may be due to difference in waveforms which can be seen after the onset of acoustic waves 
shown in Figure 3.6. However, the difference may not affect to measurement of the relative travel 
time difference at the window width of 6.5 s. We suggest two possibilities to interpret the two source 
clusters determined by moment tensor inversion. One is that the two main source clusters obtained 
from the moment tensor inversion may be separated because of the grid size limitation (50 m), 
which could hardly depend on travel time difference. The other is that the deconvolution waveforms 
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in the time window width of 6.5 s reflect relative changes of only a part of the VLP waveforms. 
Thus, the locations within a limited time may be almost same, although the source locations may 
change with time. We discuss the temporal change in VLP source during an eruption in Chapter 6.  
We next discuss the stabilization parameter  . The larger   enables deconvolution to be 
stabilized, but the difference from the "true" deconvolution waveform becomes larger. The smaller 
 enables deconvolution to approximate the "true" deconvolution waveform, but the calculation 
becomes more unstable. We change the stabilization parameters as 0.1 %, 1.0 %, 5.0 % and 10 % 
and compare the deconvolution waveforms. The comparison in Figures 4.5 (a) and (b) shows that 
the amplitude on smaller values of the stabilization parameter becomes larger than on the larger 
value. Figure 4.6 shows the source distribution of the 103 VLP earthquakes determined by our 
source location method when the stabilization parameter is set to be 0.1 %. The deep color indicates 
that the absolute source location error is determined to be less than 25 m. There are 77 events shown 
in the deep color and there are 59 events located at the same position of the master event. Figure 
4.6 (b) enlarges the cross sections shown in the black areas in Figure 4.6 (a). All events with the 
location error less than 25 m are located in these areas. The result shows that several VLP events in 
location (ⅱ) in Chapter 3 are located at several to 30 m north from and 5-50 m shallower than the 
master event. However, the differences from the master event are less than the grid size (50 m) in 
the moment tensor inversion. The location errors of the 77 events with the location errors less than 
25 m are 0-5.5 m (EW), 0-10.9 m (NS), and 0-22.5 m (UD). There are 26 events with the location 
error above 25 m shown in the light color. Most of these events are located out of the black areas 
shown in Figure 4.6. The location errors of these 14 events are 2.0-54.2 m (EW), 5.6-120.0 m (NS), 
and 25.0-227.8 m (UD). The number of the events with the location error above 25 m is increased 
from 14 to 26. This may be due to the instability of the calculation of deconvolution and the trade-
off between the stability and the certainty of deconvolution should be considered by trial and error. 
We also investigate the relative source locations when the master event is one of the events 
located in location (ⅱ) (Figure 3.2). The result shows that most of the relative source locations are 
located around the master event but there was no clear separation into two source clusters such as 
the result of moment tensor inversion. The source location errors are still within several tens of 
meters. We suggested the two possibilities to interpret the difference in the results between the 
moment tensor inversion and the relative hypocenter determination: the grid size limitation, or the 
temporal change in the source locations. However, it may be difficult to completely distinguish the 
factor here.  
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 During the observation period, the eruptive activity was mainly concentrated on NE crater so that 
we could not discuss the relationship between the difference of eruptive craters and VLP activity. 
However, we will show the difference of relative source location and relative source time function 
by analyzing the VLP activity associated with the eruptions at both NE and SW craters. Our locating 
method will be useful to understand the magma movement in the conduit system at Stromboli 
volcano.  
 
4.4  Summary 
We have applied a precise relative hypocenter determination method which combined the master 
event method and the deconvolution technique. The deconvolution technique enables us to precisely 
obtain the relative arrival time difference between two seismic events. The VLP (0.05-0.2 Hz) 
sources range about 50 m in horizontal and about 80 m in vertical directions around the master 
event determined by the moment tensor inversion in Chapter 3. When the stabilization parameter 
on calculation of deconvolution is set to be 10 % of the average spectral power of seismogram of 
the master event, there are no correlation between the relative source location and the source clusters 
determined by the moment tensor inversion in Chapter 3. Similar results are obtained when the 
stabilization parameter on calculation of deconvolution is set to be 0.1 % or the master event is 
changed. We suggest that the two source clusters obtained from the moment tensor inversion may 
be separated because of the grid size limitation (50 m). We also consider the possibility that the 
relative locations change with time. Here, it may be difficult to completely conclude the factor of 
the location differences. However, the relative hypocenter determination based on waveform 
correlations and travel time differences examines the location errors and variabilities of the sources 
within a region that is difficult to evaluate by the grid size (50 m) of the moment tensor inversion. 
Our highly accurate hypocenter determination method with errors of tens of meters will be effective 
to monitor spatio-temporal changes in the repetitive earthquakes or to track movement of the 




Figure 4.1 Outline of the deconvolution analysis. (a), (b) Seismograms of a master event and 
a slave event at two stations, respectively. (c) Deconvolution waveforms at different stations 
to obtain ∆𝑡𝑘 in equation (4.2). The gray lines indicate the cross-correlation functions 
(CCFs) of the seismograms between the master and the slave event to compare with 
deconvolution. Note that both waveforms are band-pass-filtered at 0.05-0.2 Hz. (d) A cross-
correlation function of two deconvolution waveforms in Figure 4.1 (c) is computed to 
measure ∆𝑡𝑘𝑙 in equation (4.3) (black line). The gray line indicates the CCF obtained from 




Figure 4.2 (a) The relationship between the time window width of deconvolution waveforms 
and the average number of station pairs that the correlation coefficient (CC) of two 
deconvolution waveforms to calculate ∆𝑡𝑘𝑙 in equation (4.3) is above 0.90 in 103 events. A 
red point indicates that the average number of station pairs is largest so that the time window 
width of deconvolution waveforms is determined as 6.5 s. (b) An example of deconvolution 




Figure 4.3 (a) Source distribution of the 103 VLP signals determined by our source location 
method. The deep color indicates that the absolute source location error is determined to be 
less than 25 m. The light color indicates that the source location error is above 25 m. (b) 
Zoom up of the source cluster. The color indicates the source clusters determined by moment 
tensor inversion in Chapter 3. The black star shows location of the master event. The master 




Figure 4.4 (a), (b), (c) Comparison of stacking of deconvolution waveforms on each source 
cluster determined by moment tensor inversion. The brown, green and black lines illustrate 





Figure 4.5 (a) The mean of stacking of deconvolution waveforms for location (ⅰ) shown in 
Figure 3.2. when the stabilization parameter  is changed as 0.1 % (black), 1.0 % (red), 
5.0 % (green), and 10 % (blue) of the average spectral power of seismogram of the master 





Figure 4.6 (a) Source distribution of the 103 VLP signals determined by our source location 
method when the stabilization parameter is set to be 0.1 % of the average spectral power of 
seismogram of the master event. The deep color indicates that the absolute source location 
error is determined to be less than 25 m. The light color indicates that the source location 
error is above 25 m. (b) Zoom up of the source cluster. The color indicates the source clusters 
determined by moment tensor inversion in Chapter 3. The black star shows location of the 




Chapter 5  
 
Initial motion analyses of seismic and acoustic waves  
 
In this chapter, we analyze seismic and acoustic signals, focusing of the time delay between the two 
signals. On Strombolian eruptions, the process of generation, ascent and bursting of a large gas slug 
in the conduit has been considered and these generate seismic, acoustic and thermal signals (Ripepe 
et al., 2001; Harris and Ripepe, 2007; Gurioli et al., 2014). The different source locations, 
propagation speeds and paths cause different arrival times of these signals. In this study, the thermal 
sensors had not been deployed in the very-near-field network but seismic and acoustic signals with 
high signal-to-noise ratio could be obtained in the very-near-field network. By using the high quality 
observation data and a conduit model proposed by Ripepe et al. (2001), we estimate source locations 
of bubble bursts and propagation velocity of magma or gas bubbles in the conduit. We mainly 
discuss the accuracy of these estimated parameters, comparing the results with previous studies and 
by changing model conditions.  
 
5.1  A conduit model as inferred from arrival time difference 
between seismic and acoustic signals 
Figure 5.1 (a) illustrates a schematic conduit model modified after Ripepe et al. (2001). The VLP 
source is considered to be the location of gas coalescence. The explosion source is considered to 
generate higher frequency seismic (> 1 Hz) signal and acoustic signal. The origin times of these 
signals appear to be different (Figure 5.1 (b)). These time delays can be explained as follows. The 





where 𝑟’ represents the distance between the explosion source and the sensor (ST1) and 𝛼 is the 












where ℎc represents the distance between the explosion source and the surface in the conduit, 𝑐′ 
is the sound speed in the conduit, 𝑥 is the distance between the crater and the sensor, and 𝑐 shows 
the sound speed in the air. Thus, the explosion source (ℎc) can be obtained as a function of the 
arrival time difference 𝑡a − 𝑡s: 











The distance (𝑟’) is the function of the explosion source depth (ℎc) and expressed as 
 
𝑟′ = √(ℎ𝑐 + 43)
2 + 𝑥′2 
 
where ℎ𝑐 + 43 represents the depth difference between the explosion source and the sensor (813 
m a.s.l.) using the elevation of the crater terrace (770 m a.s.l.), and 𝑥’ represents the horizontal 
distance from the crater to the sensor. Similarly, the time delay between seismic VLP and acoustic 
signals is expressed as;  














where ℎ is the VLP source depth given by the source location results of the moment tensor 
inversion, 𝑟 is the distance from the VLP source and the sensor, and 𝑈 is the velocity at which 
the material (magma or gas) ascends in the magma-filled conduit section between the gas 
coalescence zone (VLP source) and the magma surface. The distance (𝑟) is the function of the VLP 
source depth (ℎ) and expressed as 
 
𝑟 = √(ℎ + 43)2 + 𝑥′2 . 
 
The optimal velocity of 𝑈 can be obtained by using the observation value of 𝑡a − 𝑡vlp and the 









5.2  Measurement of arrival times 
It is generally difficult to pick up the initial motion of VLP seismic signals due to its long period 
wave. Braun and Ripepe (1993) manually picked the arrival time difference 𝑡a − 𝑡vlp of 0.75-5.5 
s with the mean value of 3.2 s at a station 300 m away from the active vent. The variation was so 
large but the propagation velocity 𝑈 was estimated by using this mean value. The improvement of 
measurement applying automatically picking methods and using high quality data should be 
necessary to accurately obtain the conduit parameters. We use the data at ST1, which is only 115 m 
away from NE crater, because both seismic and acoustic signals associated with volcanic explosions 
are recorded with a high signal to noise ratio. 
Raw velocity seismogram at ST1 sometimes shows clear very-long-period phases before the 
onset of explosions (Figure 5.2). We apply bandpass filters at 0.05-0.2 Hz to raw seismogram by 
changing the order and causal or acausal to examine how well the initial motion can be obtained. 
Comparison in Figure 5.2 (b) shows that the causal filter with 2nd-order seems to be appropriate 
and easier to pick up the initial motion. The acausal filter also enables us to pick up the initial motion 
but it seems to be earlier than the raw seismogram. In this study, we measure the onset time of VLP 
seismic (0.05-0.2 Hz) signals by manually picking raw seismograms and by automatically picking 
causal-filtered seismograms and compare these results. 
 We apply a method of Maeda (1985) for the automatic picking. This method is based on the 
concept that the onset of a phase is equivalent to the point dividing a section into two sections by 
using Akaike Information Criterion (AIC). The AIC value at 𝑘-th sample point in the total sample 
points 𝑛 can be expressed as follow;  
 
AIC(𝑘) = 𝑛 log 2𝜋 + 𝑘 log 𝜎1
2 + (𝑛 − 𝑘) log 𝜎2




2 represent the variations in first section from 1st to 𝑘 -th sample point and 
second section from (𝑘 + 1)-th to 𝑛-th sample point assuming that the seismic noise is based on a 
normal distribution model. The clarity of picking is expressed by the following equation, 
 
𝐷𝐷 = (AIC(𝑘min − 𝛿𝑘) + AIC(𝑘min + 𝛿𝑘) − 2AIC(𝑘min)) 𝛿𝑘
2⁄ ,       (5.8) 
 
where 𝑘min  represents the sample point where AIC(𝑘)  is the minimum and 𝛿𝑘  shows the 
number of samples. We use 𝛿𝑘 = 10 which corresponds to 0.1 s for seismic signals above 1 Hz 
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and acoustic signals, and 𝛿𝑘 = 30 (0.3 s) for VLP seismic signal. This equation evaluates how 
much sharply the AIC function is impulsive around 𝑘min. We select time windows for calculating 
the AIC functions by trial and error. The time window for VLP seismic signals is set to be 8 s starting 
from 10 s before the time of maximum amplitude of acoustic signal (𝑡a
max). The time window for 
seismic signals above 1 Hz is set to be 3 s starting 2.5 s before 𝑡a
max. The time window for acoustic 
signals is set to be 3 s starting 2 s before 𝑡a
max.  
Figure 5.3 (a) shows an example of automatic picking for seismic, and acoustic signals associated 
with an explosion. The estimated arrival times at which the AIC values are minimum are 26.67 s 
(VLP, 0.05-0.2 Hz), 29.55 s (seismic, > 1 Hz) and 29.95 s (acoustic), respectively, when the lapse 
time of the maximum amplitude of acoustic signal is set at 30.00 s. 𝐷𝐷 values show higher values 
for seismic (> 1 Hz) and acoustic signals than the VLP seismic signal. According to Maeda (1985), 
the certainty of picking can be ensured when 𝐷𝐷 value is above 1.0. In order to obtain high quality 
arrival time data, we regard the 𝐷𝐷 values above 5.0 as high quality for seismic (> 1 Hz) and 
acoustic signals at ST1 in this study. For VLP seismic signals, we evaluate the quality by comparing 
the manually picking results. Figure 5.3 (b) illustrates the arrival time picking of VLP seismic signal 
for causal filter, acausal filter, and raw data. The time difference between causal-filtered waveform 
and raw seismogram is only 0.50 s. On the other hand, the arrival times that are measured from 
acausal-filtered waveform are not appropriate.   
 
5.3  Results 
We use the data from 07:05 to 23:59 on September 26, 2016 . There are 45 VLP events during the 
period. Figure 5.4 shows the results of arrival time difference 𝑡a − 𝑡s and 𝑡a − 𝑡vlp. The mean 
with standard deviation of the time difference 𝑡a − 𝑡s is estimated to be 0.37 ± 0.05 s for the 
selected 26 events out of the 45 events. The time difference 𝑡a − 𝑡vlp is estimated to be 3.77 ± 0.71 
s for the selected 29 events out of the 45 events. Figure 5.5 (a) shows the comparison of arrival 
picking results of VLP seismic signals. This figure shows that our automatically picking results are 
almost same as or slightly delayed from the manually picking results. The mean of absolute time 
differences |𝑡causal − 𝑡manually| is 0.80 s. Thus, we select the VLP events with the time difference 
less than 0.80 s. Figure 5.5 (b) shows the comparison of picking results between causal and acausal 
filter, but the onsets for acausal-filtered waveforms are systematically 2.0-3.0 s earlier than the ones 
for causal-filtered waveforms. 
 Figure 5.6 illustrates the results of the explosion source (ℎc) and the propagation velocity (𝑈). 
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We assume a sound speed in the air (𝑐) of 340 m/s. We use a sound speed in the conduit (𝑐’) of 708 
m/s assuming the temperature in the conduit (𝑇𝑐) is 1273 K, the same order of magma temperature 
and 𝑐′ = 𝑐(𝑇𝑐 𝑇𝑎𝑖𝑟⁄ )
−1/2 (Cas and Wright, 1992). A P-wave velocity (𝛼) of 3500 m/s (Chouet et 
al., 2003), the VLP source depth (ℎ) of 170 m (600 m a.s.l.), and the distance from NE crater to the 
station (𝑥) of 115 m are used. The mean values with standard deviation of the explosion source 
depth (ℎc) and the propagation velocity (𝑈) are estimated to be 72.9 ± 42.8 m, and 30.6 ± 13.4 m/s, 
respectively, for high quality picking results shown by black filled circles. Source depths of two 
events are estimated to be negative. This may be because the temperature in the conduit is lower 
than 1273 K. The lower temperature makes the sound speed inside the conduit decrease and the 
explosion depth deeper. For example, when the sound speed inside the conduit (𝑐′) of 340 m/s (=
 𝑐) is used, the depths of the two events are improved to be -8.7 m (from -18.8 m), and -1.8 m (from 
-3.7 m), which are almost at the surface of the crater. The propagation velocities estimated by 
manually picking results show similar tendency with the results from automatically picking. 
 Table 5.1 compares the results of VLP source location, the explosion source (ℎc ) and the 
propagation velocity (𝑈) between this study and previous studies. Ripepe et al. (2001) and Harris 
and Ripepe (2007) fixed time difference corresponding to 𝑡a − 𝑡vlp using the mean value of 3.2 s. 
Gurioli et al. (2014) fixed the explosion source to 100 m depth so that the propagation velocity 
could be estimated with small variation. Our results using the very-near-field observation data are 
within the range of the values estimated by the previous studies. 
 
5.4  Discussion 
5.4.1  Comparison with the result using a different station 
We analyze the seismic and acoustic data at ST3, which is 280 m away from NE crater, to verify 
the results of the conduit parameters. Compared to the data at ST1, higher signal-to-noise ratios of 
VLP seismic and lower signal-to-noise ratios of higher frequency seismic and acoustic signals are 
recorded at this station. Figure 5.7 (a) shows an example of raw seismogram at UD component of 
ST3. This contains stronger VLP components than ST1, suggesting the centroid of VLP source 
determined at west of the eruptive craters in Chapter 3 and 4. In order to remove VLP components 
as much as possible, we apply a causal high-pass filter above 3 Hz to seismic signals and then 
measure the onsets of seismic signals (𝑡s). Due to lower signal-to-noise ratios, the thresholds of 
𝐷𝐷 values for seismic (> 3 Hz) and acoustic signals are set to be 1.0 to regard as high quality data. 
71 
 
 Figures 5.7 (b) and (c) compare the results of the conduit parameters between ST1 and ST3. The 
black filled circles satisfy the conditions of high quality data at both ST1 and ST3. The mean values 
with standard deviation of the explosion source depth (ℎc) and the propagation velocity (𝑈) are 
estimated to be 81.1 ± 34.5 m, and 29.0 ± 14.2 m/s, respectively, from the analysis of data at ST3. 
The comparison shows that the results at ST3 are generally consistent with the results at ST1. It is 
suggested that high-quality data with large amplitudes of the geophysical signals even at a little 
distant station enable us to accurately measure the conduit parameters. If the eruptive activity is 
more active, the seismic and acoustic data at the permanent stations will be useful to accurately 
monitor the magma level. 
 
5.4.2  Examination of different parameters 
We examine the conduit parameters by changing the VLP source location, P-wave velocity, and 
sound speed inside the conduit to evaluate how much variation the estimated values have. The VLP 
source depth (ℎ) is changed from 170 m (600 m a.s.l.) to 120 m (650 m a.s.l.) based on moment 
tensor inversion results and relative hypocenter determination in Chapter 3 and 4. The P-wave 
velocity is changed to 2000 m/s (Chouet et al., 1997). The sound speed inside the conduit is assumed 
to be 340 m/s, which is the same as the sound speed in the air, showing possible minimum value. 
Table 5.2 summarizes the results for different parameter conditions. The result shows that the P-
wave velocity critically affects the explosion source depths. When the VLP source location is 120 
m depth (650 m a.s.l.) and the P-wave velocity is 2000 m/s, the propagation velocity becomes so 
small (3.6 ± 16.3 m/s), but a half of the events (24/45) have negative velocities. This suggests that 
P-wave velocity of 3500 m/s may be more appropriate than below 2000 m/s. The result for the 
sound speed in the conduit of 340 m/s indicate the upper limit of the propagation velocity (𝑈) in 
this conduit model condition. 
 
5.4.3  Examination of other conduit models 
The conduit model condition presented by Ripepe et al. (2001) assumes that the gas coalescence 
source is located just below the crater. However, our source location results indicate that the VLP 
source is located at west from the eruptive NE crater. Following the VLP source location, we present 
two plausible conduit configurations (Figures 5.8 (a) and (b)). The first model (Figure 5.8 (a)) shows 
that the VLP source suggests the location of gas accumulation at the top of the chamber (e.g., Chouet 
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et al., 1997). In this case, propagation velocity becomes faster due to the path from a horizontal 
extension to a vertical conduit (∆𝑥). The distance (𝑟) is expressed as 
 
𝑟 = √(ℎ + 43)2 + (∆𝑥 + 𝑥′)2 . 
 
When we assume the VLP depth (ℎ ) of 170 m (600 m a.s.l.), the mean velocity with standard 
deviation is estimated to be 98.8 ± 18.3 m/s. The second model (Figure 5.8 (b)) shows that the 
conduit directly elongate from the VLP source to the crater. In this case, the distance (𝑟’ ) is 
expressed as 






When we assume the VLP depth (ℎ) of 170 m (600 m a.s.l.), the mean values of the explosion 
source (ℎc) and the propagation velocity (𝑈) are estimated to be 48.5 ± 26.7 m, and 62.2 ± 15.4 m/s. 
Two results are faster than the theoretical values of slug ascent (Batchelor, 1967). Thus, models that 
can explain high-speed propagation velocity may not depend on the structures beneath the craters. 
Rather, physical properties of bubbles or another model such as pressure waves propagating in the 
magma-filled conduit (Tameguri et al., 2002) are more likely to explain fast propagation velocity.  
 
5.4.4  Examination of seismic signals at different frequency bands  
The moment tensor inversion results in Chapter 3 show that the centroids of seismic sources at 0.2-
0.5 Hz and 0.5-1.0 Hz are mainly located below the crater terrace. These earthquakes occur almost 
simultaneously (Figure 3.11). We measure the initial motion of seismic signals at 0.2-0.5 Hz and 
0.5-1.0 Hz by using the same method as 0.05-0.2 Hz to estimate the propagation velocities (𝑈) at 
different frequency bands. We use the same 29 events as 0.05-0.2 Hz (see Section 5.3). We assume 
a sound speed in the air (𝑐) of 340 m/s, a sound speed in the conduit (𝑐’) of 708 m/s, a P-wave 
velocity (𝛼) of 3500 m/s. Based on the moment tensor inversion results, we use the source depth 
(ℎ) of 170 m (600 m a.s.l.) for 0.05-0.2 Hz and 0.2-0.5 Hz, and the source depth (ℎ) of 70 m (700 
m a.s.l.) for 0.5-1.0 Hz. Table 5.3 summarizes the source depth and the result of the propagation 





and 0.5-1.0 Hz by using 𝐷𝐷 values is not conducted so that the variation becomes larger. However, 
the propagation velocity at 0.2-0.5 Hz is estimated to be on the order of tens of m/s (50.7 ± 28.5 
m/s), which is similar to 0.05-0.2 Hz. The propagation velocity at 0.5-1.0 Hz is estimated to be 
almost zero (0.2 ± 25.1 m/s) because the explosion source depth (72.9 ± 42.8 m) is almost same as 
the source depths that are estimated by the moment tensor inversion. The result implies that no large 
propagation of gas bubbles occurs just before the explosion around the source and that this source 
depth is where a burst of accumulated gas below the crater is triggered. 
   
5.5  Summary 
In this chapter, we have analyzed the seismic and acoustic signals associated with small explosions 
to estimate the conduit parameters. The automatically picking method presented by Maeda (1985) 
and seismic and acoustic data in the very-near-field network enable us to obtain high quality data 
of arrivals of seismic and acoustic signals. The explosion source depth is estimated to be 72.9 ± 
42.8 m. The propagation velocity of magma/gas inside the conduit is estimated to be 30.6 ± 13.4 
m/s when the VLP source depth is 170 m. The high-speed propagation of magma/gas is estimated 
by examining the data at a different station, different model parameters, and different conduit 
models. The source of LP earthquakes at 0.5-1.0 Hz located very close to the explosion source may 
trigger the bubble burst in the conduit. Our accurately estimated conduit parameters will contribute 





Table 5.1 Comparison of the estimated results of VLP source, explosion source, and 
propagation velocity between this study and the previous studies. The methods and concepts 
for estimating the parameters are also listed. The value written by gray shows the result when 
the VLP source is at 650 m a.s.l.  
  
 This study 
Ripepe et al. (2001) 
Harris and Ripepe (2007) 
Gurioli et al. (2014) 
VLP 600-650 m a.s.l. 500 m a.s.l. 400-500 m a.s.l. 
 Moment tensor inversion 
Polarization analysis / Moment tensor inversion  
(Chouet et al., 2003; Marchetti and Ripepe, 2005) 
ℎ𝑐 72.9 ± 42.8 m 20-220 m 100 m (mean) 
 Time difference between infrasound 
and high frequency seismic signal 
Time difference between infrasound and thermal 
signal that records emission of gas or fragments 
𝑈 
30.6 ± 13.4 m/s, 
14.4 ± 13.1 m/s 
10-70 m/s 13-25 m/s 
 Time difference between infrasound and VLP signal 
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Table 5.2 Comparison of the estimated results of explosion source and propagation velocity 
for different conditions of P-wave velocity (𝛼) and sound speed inside the conduit (𝑐′). The 
values written by gray show the results when the VLP source is at 650 m a.s.l. 
 
  
 𝛼 = 3500 m/s 
𝑐′ = 708 m/s 
𝛼 = 2000 m/s 
𝑐′ = 708 m/s 
𝛼 = 3500 m/s 
𝑐′ = 340 m/s 
ℎ𝑐 72.9 ± 42.8 m 105.6 ± 50.9 m 32.1 ± 18.7 m 
𝑈 30.6 ± 13.4 m/s 20.5 ± 16.2 m/s 44.3 ± 8.1 m/s 
𝑈 14.4 ± 13.1 m/s 3.6 ± 16.3 m/s 28.2 ± 6.7 m/s 
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Table 5.3 Comparison of the source depths that are estimated by moment tensor inversion 
and the results of propagation velocities (𝑈 ) for different frequency band. The P-wave 
velocity (𝛼) of 3500 m/s and the sound speed inside the conduit (𝑐′) of 708 m/s and the 
sound speed in the air (𝑐) of 340 m/s are assumed. 
 
  
 0.05-0.2 Hz (VLP) 0.2-0.5 Hz (VLP) 0.5-1.0 Hz (LP) 
ℎ 170 m (600 m a.s.l.) 170 m (600 m a.s.l.) 70 m (700 m a.s.l.) 




Figure 5.1 (a) A schematic conduit model for shallow system at Stromboli volcano modified 
after Ripepe et al. (2001). The VLP source is located at depth ℎ below the surface. The 
explosion source is located at depth ℎc. The propagation velocity from the depth ℎ to the 
depth ℎc is 𝑈. The parameters 𝑐’ and 𝑐 show the sound speeds inside the conduit and in 
the air, respectively. The parameters 𝑟’ and 𝑟 show the distance from explosion source and 
VLP source to the sensor (ST1). The distance from the crater surface to the sensor is 𝑥 (115 
m). The parameter 𝑥’ represents the horizontal distance from the crater to the sensor. The 
parameter 𝛼 illustrates the P-wave velocity. (b) Example of seismic (> 1 Hz), acoustic (0.1-




Figure 5.2 (a) Example of velocity seismogram at UD component of ST1. (b) Zoom up of 
the waveform shown in Figure 5.2 (a) and VLP (0.05-0.2 Hz) waveforms filtered by different 




Figure 5.3 (a) Initial motion picking of VLP seismic, seismic (> 1 Hz), and acoustic signals. 
The red arrows show the origin times when the maximum amplitude of acoustic signal is at 
30.00 s. The 𝐷𝐷 values listed in the upper right part of AIC functions show the clarity of 
piking results. (b) Initial motion picking for causal-filtered, acausal-filtered and raw 
waveforms (enlarged). The arrival times for the upper two waveforms are obtained by 




Figure 5.4 (a) The time series of the arrival time 𝑡a − 𝑡s on 26 September 2016. The black 
filled circles show the data with 𝐷𝐷 values for seismic (> 1 Hz, 𝐷𝐷s) and acoustic signals 
(𝐷𝐷a) above 5.0. The non-filled circles show other events. (b) The time series of the arrival 
time 𝑡a − 𝑡vlp on 26 September 2016. The black filled circles show the data with the time 
difference between automatically and manually picking less than 0.80 s (mean value), and 





Figure 5.5 (a) Comparison of arrival time picking results between the causal-filtered 
waveforms and raw seismograms. The gray circles show the data without manually picking 
data due to very low amplitude of the first phase. The dashed lines illustrate the mean value 
of the time differences |𝑡causal − 𝑡manually| for all 45 events. (b) Comparison of arrival 
time picking results between the causal-filtered waveforms and acausal-filtered waveforms. 





Figure 5.6 (a) The time series of the explosion source depth on 26 September 2016. The 
black filled circles show the data with 𝐷𝐷 values lager than 5.0 for seismic (> 1 Hz, 𝐷𝐷s) 
and acoustic signals (𝐷𝐷a). The non-filled circles show the other events. (b) The time series 
of the propagation velocity for the events on 26 September 2016. The black filled circles 
show the data with the time difference of < 0.80 s (mean value) between automatically and 
manually picking (|𝑡causal − 𝑡manually| ), and 𝐷𝐷s and 𝐷𝐷a > 5.0. The non-filled black 
circles show the other events and the gray circles show the data without manually picking 
data. The red diamonds show the results of the propagation velocity estimated by using 







Figure 5.7 (a) Raw velocity seismogram associated with an explosion recorded at UD 
component of ST3. (b) Comparison of the estimated explosion source depth between ST1 
and ST3. The black filled circles show the data with 𝐷𝐷 values for seismic (> 1 Hz for ST1 
and > 3 Hz for ST3) signals (𝐷𝐷s) and acoustic signals (𝐷𝐷a) above 5.0 at ST1 and above 
1.0 at ST3. The non-filled circles show other events. (c) Comparison of the estimated 
propagation velocities between ST1 and ST3. The black filled circles show the data with the 
time difference between automatically and manually picking (|𝑡causal − 𝑡manually|) less than 
0.80 s (mean value), and 𝐷𝐷s and 𝐷𝐷a above 5.0 at ST1 and above 1.0 at ST3. The non-






Figure 5.8 (a) A schematic conduit model for shallow system at Stromboli volcano based on 
the VLP source located at the west of the eruptive crater. In this model, the gas is 
accumulated at the top of the chamber and laterally moves to below the crater with a distance 
of ∆𝑥. (b) A different plausible model assuming that conduit directly elongate from the VLP 









6.1  Analysis of temporary observation data in June 2015 
In the beginning of June 2015, we have conducted a temporary seismic observation and deployed 
five short-period (2 Hz) seismometers at Stromboli volcano. These stations were deployed within 
1 km from the craters for about two days to improve the accuracy of source location results. Figure 
6.1 shows the distribution of geophysical network in June 2015. Two stations (LFS and OHO) were 
equipped with Sercel L-22D seismometers. The seismic signals were recorded at a sampling 
frequency of 200 Hz and an A/D resolution of 24 bits (Hakusan Kougyou Co., LS-8800). Three 
stations (LSC, PZT and PZZ) were equipped with short-period KVS-300 seismometers (Kinkei 
System Co.) and the signals were recorded with a sampling frequency of 250 Hz and an A/D 
resolution of 18 bits (Kinkei System Co., EDR-X7000). In addition, a Trillium compact 
(Nanometrics Inc., natural period 120 s) broadband seismometer at RFR was deployed from May 
2014. The signals were recorded with a sampling rate of 100 Hz and an A/D resolution of 24 bit 
(Keisoku-giken, HSK-9550). This temporary seismic network was integrated with the signals of the 
tilt sensor (Applied Geomechanics, Model 701-2) deployed at CPL, which were recorded with a 
sampling rate of 100 Hz and an A/D resolution of 24 bit (Keisoku-giken, HSK-9550), and three 
permanent broadband seismometers of the University of Florence (SCI, STR and PZZ). The record 
at a permanent station at ROC is not used in this chapter because of errors in time correction. We 
analyze the data recorded from 7 June at 17:00 to 9 June at 12:00 in 2015 (UTC). 
 Figure 6.2 shows the example of seismic and acoustic signals at PZZ. Bandpass filtered 
seismogram at 0.05-0.2 Hz (VLP), high-pass filtered seismogram above 1 Hz and infrasound at 0.1-
5 Hz are shown. The seismo-acoustic activity could be divided into two characteristics. One is that 
VLP seismic signals are accompanied with seismic signals above 1 Hz but very low or no acoustic 
signals. Another is that seismic signals above 1 Hz are accompanied with acoustic signals but very 
low or no VLP seismic signals. During our experiment, explosive activity was quite low and a small 
amount of red hot incandescent lava fragments ejected outside the crater rims were sometimes 
observed. This visual observation is consistent with a deep magma level in the conduits as inferred 
by the polarization analysis of the VLP seismicity after the August 2014 effusive flank eruption 
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(Valade et al., 2016). At station PZZ, we detect 12 events that show very low VLP amplitude and 
clear seismic (> 1 Hz) amplitude with clear infrasound (Figure 6.3). We measure the initial motion 
of seismic (> 1 Hz) and acoustic signals. The time differences are measured to be 1.27-1.40 s. We 
assume a sound speed in the air of 340 m/s, a sound speed in the conduit of 708 m/s, a P-wave 
velocity of 3500 m/s, and the distance from NE crater to the station of 480 m, which is almost same 
as the distance from SW crater. We estimate the explosion source depth by using the same method 
and model as shown in Chapter 5. The result shows that the depths are estimated to be 8.3-104.7 m. 
This result shows the almost same magma level as estimated from the analysis of data in September 
2016 (72.9 ± 42.8 m). The estimated magma level and our visual observation suggest that these 
depths are required for infrasound to be observed on the ground at Stromboli volcano. 
 We next conduct moment tensor inversion by using the data in June 2015. Due to the natural 
frequency of the short-period seismometers of 2 Hz but in order to analyze low frequency waves 
that are not affected by heterogeneous structure, we apply a Butterworth filter of 0.2-0.5 Hz (higher 
frequency part of the VLP band) to seismic signals. Before applying the filter, the response of a 
broadband seismometer with a natural frequency of 0.033 Hz is convoluted to the seismograms at 
short-period sensors. We select the events by using a threshold of the amplitude at UD component 
of PZT of 0.5 µm/s. The number of events is 181. The waveform at each station is stacked to 
improve the signal-to-noise ratio. Figure 6.4 (a) shows the distribution of the waveform residuals 
at 600 m a.s.l. calculated by equation (3.10) for the stacked waveforms. The error distribution shows 
the source grids just below the Sciara del Fuoco have lower errors, but the source grids just below 
C or NE crater also show lower errors. Figure 6.4 (b) compares the error distribution at 600 m a.s.l. 
calculated by using the data at 0.2-0.5 Hz in September 2016. Note that the errors are stacked by 
using all data of errors in the 103 events. A source grid with a lower error can be also seen in the 
north-west part of the point source region. The comparisons of the error distribution and the 
coverage of seismic stations show that the optimal location in the 2015 result is shifted to 320 m 
northwest of the 2016 result. The region of hot color showing lower errors in Figure 6.4 (a) is larger 
than the one in Figure 6.4 (b), which is consistent with the synthetic test results in Section 3.3.3. 
Figure 6.4 (c) illustrates an example of source mechanism solution in the lower error region in 
Figure 6.4 (a). The result shows the dominance of the diagonal moment tensor components, with 
the ratios of amplitude in eigenvectors of 0.89:1.11:3.0. The differences in the source location and 
mechanism between the results in 2015 and 2016 may not be due to a temporal change but the 
coverage of seismic stations.  
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 We apply our relative hypocenter determination method to precisely determine the source 
location around a master event. The master event location is set to be the source grid where the 
waveform residual is minimum in September 2016 because the centroid is more constrained than 
the one determined by using the data in June 2015 (Figure 6.4). We set the time window width of 
deconvolution waveforms for calculating CCFs as 2.5 s by examining the trade-off between the 
time window width and the station pairs. This time window may correspond to the one around the 
maximum amplitude in the seismograms. Figure 6.5 (a) illustrates the relative source distribution 
of 0.2-0.5 Hz seismicity. The result shows that the relative source locations are distributed with the 
range of about 120 m in horizontal and about 60 m in depth in the main cluster. During the 
observation period, 9 events at NE crater and 5 events at SW crater in the 181 events could be 
detected by the thermal cameras and the infrasonic sensors of University of Florence (Valade et al., 
2016). Figure 6.5 (b) compares the source locations with the surface phenomena. A slight difference 
in lateral locations that correlate with the eruptive craters is detected. This implies the possibility of 
different pressure sources that trigger the explosions at two different conduits elongating beneath 
SW and NE craters.  
To examine the deconvolution waveforms in detail, we select 30 events that is considered to be 
related to the explosions at SW and NE craters. The northeast and southeast events are selected 
from the earthquakes locating at the northeastern and southeastern parts, respectively, in the 
concentrated 181 earthquakes (Figure 6.6). The systematic change in the deconvolution waveforms 
may be important to reflect differences in locations and source processes in the shallow system at 
Stromboli volcano. The stacked deconvolution waveforms are remarkably different at several 
seconds before/after the main peaks. In order to evaluate how much the difference contributes to 
the source distribution, we change the time window width for calculating CCFs from 2.5 s to 3.0 s, 
5.0 s, and 10.0 s. We also change the threshold of the correlation coefficient from 0.90 to 0.80 to 
obtain lag times from many station pairs. Figures 6.7 (a), (b) and (c) show the source distribution 
of 30 events in SW group and 30 events in NE group which are separated based on the results in 
Figure 6.5 (a) and Figure 6.6 (a) for the time window width of 3.0 s, 5.0 s, and 10.0 s, respectively. 
The results show that the sources are clearly separated into two clusters but the larger time window 
widths lead to large source location errors (14.4-105.6 m in EW, 19.4-102.0 m in NS, and 23.2-
118.6 m in UD directions for the time window width of 10.0 s). The comparison of the source 
distributions between a short time window and a long time window suggests that the centroids 
within a limited time are almost constant but the ones for a longer time reflect the difference in the 
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source processes between below SW crater and NE crater. Since the long time window includes the 
seismic signals excited both before and after the onset of an explosion, it may be difficult to discuss 
the temporal change in the sources in detail. 
 
6.2  Dynamics of small repetitive eruptions at Stromboli volcano 
6.2.1  Explosion source and VLP source 
We have determined the explosion source and VLP source by using the data at the very-near-field 
network. Here, we compare these source locations with a conduit model as inferred from the data 
of effusive eruptions in 2007 and 2014 (Ripepe et al., 2015; Valade et al., 2016). The authors model 
the drainage process using a cylinder magma reservoir confined between the effusive vents and the 
crater terrace from analyses of the effusive volume, volcanic deformation and satellite observations. 
The magma volume resident in the reservoir is expressed by the total erupted volume of magma 
and the effusion rate that is controlled by gravitational drainage and steady magma supply rate from 
depth. In this case, the magma volume resident in the reservoir can be converted to the magma level 
in the reservoir by assuming the radius of the reservoir with magma vesicularity. For the 2007 
effusive eruption, the effusive vent is 400 m a.s.l.. Assuming the radius of the reservoir of 95 ± 5 m 
and the vesicularity range of 0.14-0.45 (Landi et al., 2009), Ripepe et al. (2015) estimated the 
magma level above the effusive vent of 286-363 m, which is equivalent to the depth of 7-84 m from 
the crater. For the 2014 effusive eruption, the effusive vent is 670 m a.s.l.. Valade et al. (2016) 
estimated the magma level above the effusive vent of 47 ± 10 m, which is equivalent to the depth 
of 43-63 m. The explosion source depth estimated in this study (72.9 ± 42.8 m, assuming 𝛼 = 
3500 m/s and 𝑐′ = 708 m/s) is almost same depth as the boundary between the reservoir and the 
conduits. Also, the VLP (0.05-0.2 Hz and 0.2-0.5 Hz) source, whose elevation is 580-660 m a.s.l. 
(the depth of 110-190 m) is located at a shallower part of the magma reservoir.  
 
6.2.2  Propagation velocity of magma/gas motions 
In Chapter 5, we estimated the propagation velocities of magma/gas from the VLP source to the 
explosion source for individual events, which is considered as a slug ascent speed in the previous 
studies. Our result shows that the propagation velocity is estimated to be still much higher than the 
theoretical value of a slug ascent (Batchelor, 1967). This suggests that we need to reconstruct the 
eruption model. Recently, a new model explaining fast bubble ascent was presented from an 
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analogue investigation of bubble-driven deformation in an elastic conduit (Manta et al., 2019). They 
show that the combination of an elastic conduit with a large volume of gas may develop of a new 
type of slug that has a larger head and taper towards the tail (defined as “super slug”), which causes 
a much higher propagation velocity and large inner pressure compared with ordinary slugs. When 
a large slug ascends, the conduit expands due to large pressure at the top of the slug, which makes 
a super slug accelerate. This new model may describe the characteristics of the observation values, 
but quantitative comparison between the laboratory setting and in-situ rock condition is necessary 
to conclude that such a super slug exists.  
Propagation of pressure waves in the magma-filled conduit (Tameguri et al., 2002) is another 
interpretive model to explain the fast propagation velocity. At Sakurajima volcano, the migration 
velocity estimated from the time difference between the initial seismic expansion and the air shock 
generation is 1.4-1.9 km/s (Tameguri et al., 2002). This is much larger than our estimated 
propagation velocity (30.6 ± 13.4 m/s, assuming 𝛼 = 3500 m/s and 𝑐′ = 708 m/s). However, 
pressure wave velocities vary depending on the amount of bubbles or solid phase, and temperature 
of magma inside the conduit. We need to consider these material conditions of magma to interpret 
the propagation velocity. 
 
6.2.3  Migration of VLP source  
This study as well as the previous studies examine the initial motion of VLP signals by focusing on 
the remarkable onsets that could be seen around 3-5 s before the eruption onsets to measure the 
propagation velocity. However, we found several events that have a little large amplitude phase 5-
15 s before the onset of the large VLP phase at 0.05-0.2 Hz. The amplitude of this phase is larger 
than seismic noise. Figure 6.8 shows causal-filtered waveforms that have a preceding small phase. 
Note that the lapse time of the maximum amplitude of acoustic signal is set to be 60 s. We detect 
21 events that have this preceding phase from 45 events on 26 September. The timing of this phase 
is about 10-20 s before the onset of explosions, which is consistent with the timing of a drastic 
acceleration of deformation detected by tilt sensors (Genco and Ripepe, 2010). Figure 6.9 (b) plots 
the particle motions of noise part and the preceding phase which are shown in Figure 6.9 (a). The 
particle motions of the preceding phase point to the region close to the VLP source determined by 
moment tensor inversion. The particle motions of seismic noise show different directions from those 
of the preceding phase. This suggests that a volumetric change (for example, due to magma/gas 
intrusion) occurs several tens of seconds before an explosion. Figure 6.10 (b) plots the particle 
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motions of the main VLP phase which is shown in Figure 6.10 (a). The particle motions also point 
to the region close to the VLP source. However, the inflation part in the main phase at ST3 points a 
little eastward compared with the inflation part in the preceding phase and the contraction part in 
the main phase. This suggests that the VLP seismic source location changes with time.  
To examine the spatio-temporal changes in VLP seismic source before and after explosions, the 
semblance analysis (Kawakatsu et al., 2000) is performed for different time sections of the VLP 
seismogram. Figure 6.11 (a) illustrates the time division of the waveform. The lapse time of the 
maximum amplitude of acoustic signal is set to be 60 s, which almost represents the occurrence 
time of eruption. We divide the waveforms into four time sections, Preceding phase, Main phase-1 
(from the onset of VLP phase to the onset of phase above 1 Hz: about 55-60 s), Main phase-2 (60-
70 s), and Main phase-3 (70-80 s). We analyze the 103 VLP events for Main phase-1, Main phase-
2, and Main phase-3. For Preceding phase, we analyze 21 events occurring on 26 September. 
Figures 6.11 (b) and (c) show the results of the semblance analysis for Preceding phase and Main 
phase-1. The results show that the source locations move eastward toward the crater that generate 
an explosion. The mean semblance values (𝑆3) are estimated to be 0.70 and 0.74, respectively. The 
eastward migration may indicate a preparation process of explosion: magma/gas migration or 
propagation of pressure waves as a preparation. Assuming the migration distance of 100 m and the 
migration time of 5-15 s, we estimate the propagation velocity of 6.7-20 m/s. These values are still 
higher than the theoretical slug ascent velocity (Batchelor, 1967). However, this migration is 
horizontal so that it is difficult to directly compare the estimated propagation velocity with the 
theoretical one predicted from a slug model in a vertical conduit. Figures 6.12 (a) and (b) illustrate 
the results of the semblance analysis for Main phase-2 and Main phase-3. The results illustrate that 
the source locations move westward and back to those of Preceding phase during the explosions. 
The mean semblance values (𝑆3) are estimated to be 0.75 and 0.78, respectively. The migration 
following the explosions (from Main phase-1 to 2) is similar to the downward migration of the VLP 
source observed at Erebus volcano (Rowe et al., 1998). This downward migration was interpreted 
as a nondestructive lossy resonance or nonlinear fluid-flow excitation within the shallow magmatic 
system. However, the Fourier spectrum of a velocity seismogram in Figure 2.2 (d) illustrates no 
prominent overtone modes at low-frequency bands. Therefore, the migration in this study may not 
be explained by a resonance process. Alternatively, the migration process may indicate the 
propagation of a fluid flow or a pressure wave which are caused by a reaction force of an explosion. 
In particular, the semblance result for Main phase-2 illustrates that the source locations are separated 
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into two clusters. Compared with the results of the moment tensor inversion, 53 out of the 63 events 
indicated by the blue circle in Figure 6.12 (b) are determined to be location (ⅰ) estimated from the 
moment tensor inversion. 26 out of the 40 events indicated by the gray circle in Figure 6.12 (b) are 
determined to be location (ⅱ) by the moment tensor inversion. The comparison indicates that the 
difference between location (ⅰ) and (ⅱ) is caused by the difference in gas dynamics during or after 
the explosions. The difference in absolute locations between the semblance and moment tensor 
inversion analyses may be due to that the semblance analysis does not assume the source mechanism 
arbitrariness.  
 
6.2.4  Dynamic process of small explosions at Stromboli volcano  
We describe the Strombolian eruption process for tens of seconds before and after an onset of 
eruption by considering the obtained seismic and acoustic data results. Figure 6.13 summarizes the 
source locations of eruption earthquakes with time on the geometry of the magma reservoir that is 
based on the cylinder magma reservoir model (Ripepe et al., 2015). The source locations are the 
centroids of the VLP and LP earthquakes, which represent the center of pressure source.  
About 10-20 s before the onset of an explosion, a pressure source exciting small VLP seismic 
waves (Preceding phase) is located at about 200-250 m west of the crater area. This may be an 
initiation of magma/gas movement. About 5 s before the onset of eruption, the pressure source 
moves eastward to the crater, exciting large VLP seismic waves (Main phase-1) and LP (0.5-1.0 
Hz) seismic waves. Then, an explosion occurs, exciting higher frequency seismic (> 1 Hz) and 
acoustic waves at the top of magma level in the reservoir. During the eruption, the pressure source 
(VLP) migrates westward, and moves back to almost the same source location of the preceding 
phase. These pressure source locations are detected as the centroids of seismic sources. Considering 
these pressure sources are located within the shallow magma reservoir, we infer that these 
migrations are caused by pressure disturbances associated with fluid flow and/or pressure waves in 
magma which are probably caused by migration of the gas accumulated in the top of magma 
reservoir, a reaction force and withdrawal of magma by the explosion, and/or a recovery process of 
magma in the shallow magma reservoir.  
 
6.3  Future perspectives 
In this study, we analyzed the seismic and acoustic signals associated with small explosions at 
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Stromboli volcano. We mainly used the high quality data with high signal to noise ratios recorded 
at the very-near-field stations. Temporary observations with dense geophysical sensors enable us to 
accurately estimate the source location of eruption earthquakes or magma/gas motions in the 
conduit. However, we analyzed the data of only three days in 2015 and five days in 2016 so that it 
is difficult to discuss the temporal change in the seismic source. Analyzing the data at very-near-
field network in long observation periods is necessary to clarify the relation between the magma 
level and the activity strength. For example, previous studies (Ripepe et al., 2015; Valade et al., 
2016) reported that the relative changes of VLP source tracked by calculating the orientation of the 
ground displacement particle motion vector are associated with the changes in the topographic 
elevation of the craters during and after the flank effusive eruptions in 2007 and 2014. Accurate 
hypocenter determination may be helpful to track the absolute magma level. Observations in long 
terms or other periods may record not only normal Strombolian eruptions but also effusive eruptions 
or large eruptions such as “major explosions” and paroxysms (Harris and Ripepe, 2007). Analyses 
of these data may enable us to reveal the eruption transition process or the prediction of these 
unusual eruptions. 
By analyzing the data at the very-near-field network, we showed that small error/difference in 
the measured values may significantly affect the analysis results. Careful analyses of the 
observation data are extremely important. In addition, the accuracy of the assumed parameters 
(seismic velocity structure and a sound speed inside the conduit) is quite important. For example, 
previous studies on moment tensor inversion of LP earthquakes (e.g. Bean et al., 2008; Trovato et 
al. 2016) demonstrated that overly simplified velocity structure can have a detrimental effect on the 
inversions. When the effects of near-surface structures are not taken into account, the solutions with 
incorrectly oriented source geometries, spurious single forces or incorrect source time functions 
may be obtained. The examination of the effects of near-surface structures for moment tensor 
inversion of VLP signals should be conducted in the future. The shallow structure from depths of 
several tens of meters from the surface to 4 km b.s.l. at Stromboli volcano has been investigated by 
small-aperture array measurements of the tremor (Chouet et al., 1998) and an active seismic 
experiment using air gun shots (Patanè et al., 2017). However, it may be necessary to further 
improve the resolution of the results for the near-surface structures. Active shot experiments at 
dense seismic observation network and interferometry analyses (e.g., Onizawa et al., 2002) may 
contribute to understand the near-surface structures. Also, ambient noise cross-correlation functions 
can estimate the velocity and scattering/intrinsic absorption parameters of Rayleigh waves (Hirose 
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et al., 2019). This analysis may be useful to image small‐scale heterogeneous structures in the 
shallow part of volcano. These analyses of near-surface structures may enable us to improve the 
results of hypocenter determination or moment tensor inversion of eruption earthquakes at 
Stromboli volcano.  
In Chapter 6, we succeeded in determining the source location of eruption earthquakes which 
correlates with the location of the crater where the surface phenomena are detected. At volcanoes 
with multiple craters like Stromboli volcano, it is important to accurately determine the source 
location for understanding the transition of the eruptive crater and the structure of the conduits. For 
example, there are two craters at Sakurajima volcano in Japan, the Minamidake summit crater, and 
the Showa crater located at the eastern flank of the Minamidake. Since 1955, Frequent Vulcanian 
eruptions have occurred mainly at Minamidake crater. Then, the frequent Vulcanian eruptions have 
occurred mainly at the Showa crater in 2006-2017, whereas the main activity of the Vulcanian 
eruptions moved back to the Minamidake crater in 2018 (Iguchi et al., 2019). By analyzing the 
seismic data associated with the eruptions at both of the craters and applying our relative source 
location method, we may be able to understand these transition processes, the structure of 





Figure 6.1 Spatial distribution of seismometers and a tilt sensor in June 2015. The symbols 
in this figure are listed in the upper left part of this panel. At the broadband seismic station 




Figure 6.2 Velocity seismogram at 0.05-0.2 Hz (VLP) and above 1 Hz at UD component of 
PZZ, and infrasound at PZZ from 13:00 to 15:00 on 8 June. The deep shaded range indicates 
an example of the activity with unclear VLP signal and clear seismic (> 1 Hz) and acoustic 
(0.1-5 Hz) signals. The light shaded range indicates an example of the activity with clear 




Figure 6.3 An example of seismic and acoustic signals indicating the activity with unclear 
VLP signal and clear seismic (> 1 Hz) and acoustic signals. The red arrows indicate the onset 





Figure 6.4 (a) Distribution of the error values of waveforms (𝐸1) estimated by the moment 
tensor inversion of seismic signals at 0.2-0.5 Hz frequency band in June 2015. The figure 
shows the inversion result of stacking data. The white square shows the location where the 
residual of waveforms is minimum. The black triangles show broadband seismic stations 
and the blue triangles illustrate short-period seismic stations. (b) Similar to Figure 6.4 (a) by 
using the data in September 2016. The error values are averaged by stacking the error values 
of all events. The black triangles show broadband seismic stations and the blue and green 
triangles illustrate temporary broadband seismic stations. (c) Moment tensor solution at the 





Figure 6.5 (a) Relative source distribution of the seismic signals at 0.2-0.5 Hz frequency 
band in June 2015, shown in gray circles. The black upward triangles show broadband 
seismic stations. The blue triangles illustrate short-period seismic stations. The black 
downward triangle shows a tilt sensor station. The red dashed circles are the locations of the 
craters. (b) Zoom up of the region shown in a red dashed square in Figure 6.5 (a). This figure 
compares the source locations with the locations of surface phenomena such as infrasound 
or infrared. The brown circles show the eruption events at SW crater, and the light blue 








Figure 6.6 (a) Grouping of NE cluster and SW cluster by using the source location result in 
Figure 6.5 (a). The brown circles show the seismic events in SW group, and the light blue 
circles show the seismic events in NE group. Each group includes 30 events. The black 
upward triangles show broadband seismic stations. The blue triangles illustrate short-period 
seismic stations. The black downward triangle shows a tilt sensor station. The red dashed 
circles are the locations of the craters. (b) Comparison of stacking of deconvolution 
waveforms between NE group and SW group. The light blue and brown dashed lines 






Figure 6.7 (a) Comparison of source distribution of 30 events in SW group and 30 events in 
NE group in Figure 6.6 (a) for the time window width of deconvolution waveforms for 
calculating CCFs of 3.0 s. The brown circles show the seismic events in SW group, and the 
light blue circles show the seismic events in SW group. The black upward triangles show 
broadband seismic stations. The blue triangles illustrate short-period seismic stations. The 
black downward triangle shows a tilt sensor station. The red dashed circles are the locations 
of the craters. (b), (c) Similar to Figure 6.7 (a) for the time window width of 5.0 s and 10.0 




Figure 6.8 The causal-filtered seismic waveforms at 0.05-0.2 Hz at ST1. These events have 
a small phase before the main phase of VLP signals. Red arrows indicate the peaks of the 
preceding phase which are manually detected. Note that the maximum amplitude of acoustic 





Figure 6.9 (a) VLP seismogram at UD component of ST1. The thick black line shows the 
noise part and the colored line shows the preceding phase. These are used to plot the particle 
motions. (b) Particle motions of the noise part (black) and the preceding phase. The color 
indicates the elapsed time. The amplitudes are amplified at the scale listed in the lower right.  
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Figure 6.10 (a) VLP seismogram at UD component of ST1. The colored line shows the 
preceding phase to plot the particle motions. (b) Particle motions of the main VLP phase. 





Figure 6.11 (a) VLP seismogram at UD component of ST1 and four time sections. (b) 
Source distribution of VLP seismic events determined by the semblance analysis for 
Preceding phase. The methods and number of events are listed in EW cross section. (c) 
Similar to Figure 6.11 (b) for Main phase-1.
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Figure 6.12 (a) Source distribution of VLP seismic events determined by the semblance 
analysis for Main phase-2. The methods and number of events are listed in EW cross section. 




Figure 6.13 Interpretive sketch of the temporal evolution of the source locations and the 









We have analyzed the seismic and acoustic signals associated with small repetitive eruptions at 
Stromboli volcano. We estimated the source location of eruption earthquakes and motions of 
magma/gas in the conduit, which are the most basic and important information to develop the model 
of Strombolian eruption. Analyzing the seismic and acoustic data recorded at only 100-300 m away 
from the active craters from 24 to 28 September 2016 enabled us to accurately determine these key 
parameters.  
 Firstly, we have conducted seismic moment tensor inversion including tilt responses using 
temporary very-near-field network data at Stromboli volcano. The source locations of VLP (0.05-
0.2 Hz) signals associated with small explosions are mainly located at the edge of the crater rim, 
which are about 200 m away from the eruptive (NE) crater at 600 m or 650 m a.s.l. (depths of 170 
m or 120 m). The waveforms of the events in these two source clusters show slightly different 
amplitude distributions, which are detected only at the very-near-field network. These differences 
are seen after the onset of acoustic waves. Thus, these two clusters may indicate the difference in 
the source mechanisms during/after explosions. The seismic sources at 0.2-0.5 Hz (higher frequency 
part of the VLP band) and 0.5-1.0 Hz (LP band) are located closer to NE crater than the sources for 
0.05-0.2 Hz. There are no large generation time differences in the earthquakes at different frequency 
bands so that these earthquakes are simultaneously excited from different centroids. The source 
mechanisms of the VLP and LP signals show the dominance of the vertical dipole component of 
the moment tensor. This suggests volumetric changes at the source regions. The model resolution 
matrices calculated from the Green’s functions show that details of the volumetric changes are not 
well resolved from the very-near-field observation data. Synthetic tests of network performance 
show that the distant seismic network does not necessarily contribute to the improvement of the 
mechanism solutions. Furthermore, the very-near-field network contributes to exactly determine 
the source locations compared with the distant seismic network with a large number of seismic 
stations. Synthetic tests of finite source modelling support the reliability of the source locations 
determined from our very-near-field network data and inaccuracy of the source mechanisms.  
Secondly, relative hypocenter determination of VLP (0.05-0.2 Hz) earthquakes was conducted 
by applying a method which combines the master event method with a deconvolution technique. 
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The relative VLP source locations around the master event located by the moment tensor inversion 
in Chapter 3 range about 50 m in horizontal and about 80 m in vertical directions. The source 
locations concentrated within a distance of 50-80 m have different characteristics from the two 
source clusters determined by the moment tensor inversion. This implies that the two source clusters 
obtained from the moment tensor inversion may be separated because of the grid size limitation (50 
m), or because the locations of the VLP source move with time.  
Thirdly, we have analyzed the seismic and acoustic signals associated with small explosions to 
estimate the source depth of the explosions and the propagation velocity of magma/gas from the 
VLP source to the explosion source in the conduit/chamber. By using the arrival time difference 
between seismic and acoustic signals measured by using the data at the very-near-field network and 
applying an automatically picking method, the explosion source depth is estimated to be 72.9 ± 42.8 
m. The average explosion source depth is consistent with the boundary between the reservoir and 
the conduits. This is almost same as the results (8.3-104.7 m) estimated from data in June 2015 
when the magma level was deep. These depths may be necessary for infrasound to be observed on 
the ground at Stromboli volcano. The propagation velocity is estimated to be 30.6 ± 13.4 m/s when 
the VLP source depth is 170 m. Such high-speed of magma/gas motions is estimated from the data 
at a different station, different model parameters, and different conduit models. The fast propagation 
may indicate the necessity to modify a gas ascent model that has been often used to explain 
Strombolian eruptions. 
We discussed the spatio-temporal changes in VLP/LP seismic sources before and during/after the 
explosions. The VLP (0.2-0.5 Hz) seismic sources are distributed beneath SW or NE craters from 
the deconvolution waveforms for a longer time window, which suggest different pressure sources 
that trigger the explosions at two different conduits. For VLP signals, a very small phase is detected 
10-20 s before the onset of an explosion. This suggests an initiation of magma/gas movement. The 
pressure source moves eastward to the crater toward the explosion, and then moves back westward 
to the initial source. These pressure sources migrate because of pressure disturbances caused by 
migration of the gas accumulated in the shallow part of magma reservoir and a reaction force and 
withdrawal of magma by the explosion. Then, magma is recovered in the magma reservoir. 
This study newly and accurately determines the source location of seismicity associated with 
small repetitive eruptions and conduit parameters, verifying usefulness and importance of very-
near-field observations at active volcanoes. The results obtained from high quality measurements 
indicate the necessity of redevelopment of the Strombolian eruption model. In addition, we found 
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that the seismic sources of VLP or LP earthquakes are temporally changed before/during explosions. 
Moreover, we revealed that not only vertical but also lateral magma/gas movements are quite 
important to understand the dynamics of explosions at Stromboli volcano. Analyses of long-term 
data obtained from such an intensive observation near the craters at Stromboli volcano or other 
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